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ABSTRACT 

E q u a t i o n s  and  c h a r t s  a s  o b t a i n e d  by  t h e o r e t i c a l  
a n a t y s e s  a r e  p r e s e n t e d  f o r  t h e  e v a l u a t i o n  o f  c o r r e c t i o n s  w h i c h  
m u s t  be  a p p l i e d  t o  t e s t  d a t a  a s  o b t a i n e d  f rom w i n d  t u n n e l s  
b e c a u s e  o f  t h e  p r e s e n c e  o f  t h e  t e s t  s e c t i o n  b o u n d a r i e s .  R e s u l t s  
a r e  p r e s e n t e d  f o r  t w o - d i m e n s i o n a l ,  c i r c u l a r ,  a n d  r e c t a n g u l a r  
t u n n e l s  w i t h  b o u n d a r i e s  o f  t h e  c o m p l e t e l y  c l o s e d ,  c o m p l e t e l y  
o p e n ,  s l o t t e d ,  o r  p e r f o r a t e d  v a r i e t y .  I n t e r f e r e n c e  f a c t o r s  
a c c o u n t i n g  f o r  t h e  d i r e c t  e f f e c t s  o f  m o d e l  and  wake  b l o c k a g e  
on  t h e  l o n g i t u d i n a l  v e l o c i t y  a n d  o f  m o d e l  l i f t  on t h e  upwash  
v e l o c i t y  a r e  e n u m e r a t e d .  I n  a d d i t i o n ,  c o n s i d e r a t i o n  i s  g i v e n  
t o  t h e  v a r i a t i o n  o f  t h e  l o n g i t u d i n a l  and  v e r t i c a l  v e l o c i t y  

c o m p o n e n t s  a l o n g  t h e  t u n n e l  a x i s  l e a d i n g  t o  b u o y a n c y  a n d  
s t r e a m l i n e - c u r v a t u r e  c o r r e c t i o n s .  

i i i  



A E DC-T R-69-47 

CONTENTS 

Ill !BoST~CD~'T~oNEi ! i ! ! i ! ! ! ! ! ! i i ! i i G E N E R A L  ANALYSIS 
2 . 1  D i f f e r e n t i a l  E q u a t i o n  f o r  t h e  P e r t u r -  

b a t i o n  P o t e n t i a l  . . . . . .  
2 . 2  Boundary Conditions . . . . .  - - - - - . - - - - i  i : 

III. INTERFERENCE IN A TWO-DIMENSIONAL TUNNEL 
3°I Solld Blockage ....... 

. . . . . . . .  ii!ii! 3.3 Lift Interference ...... 
IV. INTERFERENCE IN A CIRCULAR TUNNEL 

4°I Solid Blockage ..... 

4°3 Llft Interference .... 
V. INTERFERENCE IN A RECTANGULAR 

5.1 Solid BlockaEe ...... 

5.3 Lift Interference ..... 
VI. APPLICATION OF THE INTERFERENCE A T 

6.1 Blockage Corrections 

0 u°c0°re°°niiiiii!!i! 6 . 3  U p w a s h  C o r r e c t i o n s  . 
6 . 4  S t r e a m l i n e  C u r v a t u r e  o r c i n 

V I I .  
6 . 5  C o r r e c t i o n  f o r  Tat1  S u r f a c e  . . . . . .  o 
CONCLUDING RE~ARKS . . . . . . . . . . . . . .  
REFERENCES . . . . . . . . . . . . . . . . . .  

Pag.......ee 

t t t  
i x  

1 

2 
3 

6 
11 
1,5 

2 0  
24  
2 9  

3 4  
3 9  
43  

50 
51 
51 
52 
52 
53 
58 

APPENDIXES 

I .  L I S T  OF INTEGRANDS . . . . . . . . . . . . . .  

IIo EQUATIONS FOR EVALUATING THE SERIES COEF- 
FICIENTS A m AND B m . . . . . . . . . . . . . .  

III. EQUATIONS FOR EVALUATING THE SERIES COEF- 
fICIENTS Dm, Em, AND G m . . . . . . . . . . .  

IVo TABLES 

I. Interference Factors in a Two- 

I I .  

D i m e n s i o n a l  T u n n e l  . . . . . . . . . . .  

I n t e r f e r e n c e  F a c t o r s  i n  a C i r c u l a r  
T u n n e l  . . . . . . . . . . . . . . . . .  

61 

62 

65 

69 

70 

V 



A E DC-T R °69-47 

I I I .  I n t e r f e r e n c e  F a c t o r s  i n  a R e c t a n g u l a r  
T u n n e l  . . . . . . . . . . . . . . .  . . . 

V. I LLUSTRATI ONS 

F i g u r e  

2 . 1  

P a g e  

70 

C o o r d i n a t e  S y s t e m  a n d  G e o m e t r y  o f  
Wind T u n n e l  C r o s s  S e c t i o n s  . . . . . . . . . .  72  

2 . 2  S l o t - P a r a m e t e r  F u n c t i o n  f o r  V a r i o u s  
Open  A r e a  R a t i o s  . . . . . . . . . . . . . . .  73 

3 . 1  D i s t r i b u t i o n  o f  t h e  S o l i d - B l o c k a g e  F a c t o r  R a t i o  
a l o n g  a T w o - D i m e n s i o n a l  S l o t t e d  T u n n e l  . . . .  74  

3 . 2  S o l i d - B l o c k a g e  F a c t o r  R a t i o  a t  x = 0 i n  a Two-  
D i m e n s i o n a l  S l o t t e d  T u n n e l  . . . . . . . . . .  7 5  

3 . 3  D i s t r i b u t i o n  o f  t h e  S o l i d - B l o c k a g e  F a c t o r  R a t i o  
a l o n g  a T w o - D i m e n s i o n a l  P e r f o r a t e d  T u n n e l . . .  76  

3 . 4  B l o c k a g e  F a c t o r  R a t i o s  a t  x = 0 i n  a T w o - D i m e n s i o n a l  
P e r f o r a t e d  T u n n e l  . . . . . . . . . . . . . . .  77  

3 . 5  V e l o c i t y  G r a d i e n t  d u e  t o  S o l i d  B l o c k a g e  a t  x - 0 
i n  a T w o - D i m e n s i o n a l  P e r f o r a t e d  T u n n e l  . . . .  78  

3 . 6  D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e  F a c t o r  
a l o n g  a T w o - D i m e n s i o n a l  S l o t t e d  T u n n e l  . . . .  79  

3 . 7  L i f t - I n t e r f e r e n c e  F a c t o r s  a t  x = 0 i n  a T w o -  
D i m e n s i o n a l  S l o t t e d  T u n n e l  . . . . . . . . . .  8 0  

3 . 8  D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e  F a c t o r  a l o n g  
a T w o - D i m e n s i o n a l  P e r f o r a t e d  T u n n e l  . . . . . .  81  

3 . 9  L i f t - I n t e r f e r e n c e  F a c t o r s  a t  x - 0 i n  a Two-  
D i m e n s i o n a l  p e r f o r a t e d  T u n n e l  . . . . . . . . .  8 2  

4 . 1  S o l i d - B l o c k a g e  F a c t o r  R a t i o  a t  x - 0 i n  a C i r c u l a r  
S l o t t e d  T u n n e l  . . . . . . . . . . . . . . . .  83  

4 . 2  B l o c k a g e  F a c t o r  R a t i o s  a t  x - 0 i n  a C i r c u l a r  P e r -  
f o r a t e d  T u n n e l  . . . . . . . . . . . . . . . .  84  

4 . 3  V e l o c i t y  G r a d i e n t  d u e  t o  S o l i d  B l o c k a g e  a t  x - 0 
i n  a C i r c u l a r  P e r f o r a t e d  T u n n e l  . . . . . . . .  8 5  

4 . 4  D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e  F a c t o r  a l o n g  
a C i r c u l a r  S l o t t e d  T u n n e l  . . . . . . . . . . .  86  

v i  



AE DC-T R-69.47 

D 

4 . 5  

4 . 6  

4 . 7  

5 . 1  

5 . 2  

5 . 3  

5 . 4  

5 . 5  

5 . 6  

5 . 7  

5 . 8  

5 . 9  

5 . 1 0  

P a g e  

L i f t - I n t e r f e r e n c e  F a c t o r s  a t  x - 0 i n  a C i r c u l a r  
S l o t t e d  T u n n e l  . . . . . . . . . . . . . . . . . .  8 7  

D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e F a c t o r  
a l o n g  a C i r c u l a r  P e r f o r a t e d  T u n n e l  . . . . . . . .  8 8  

L i f t - I n t e r f e r e n c e  F a c t o r s  a t  x - 0 i n  a C i r c u l a r  
P e r f o r a t e d  T u n n e l  . . . . . . . . . . . . . . . .  8 9  

S o l i d - B l o c k a g e  F a c t o r  a t  x - 0 i n  R e c t a n g u l a r  
C l o s e d  a n d  O p e n  T u n n e l s  . . . . . . . . . . . . . .  9 0  

S o l i d - B ~ o c k a g e  F a c t o r  R a t i o  a t  x = 0 i n  R e c t a n g u l a r  
S l o t t e d  T u n n e l s  . . . . . . . . . . . . . . . . . .  91  

S o l i d - B l o c k a g e  F a c t o r  R a t i o  a t  x = 0 v e r s u s  Ph 
f o r  V a r i o u s  V a l u e s  o f  P i n  a R e c t a n g u l a r  

v 
S l o t t e d  T u n n e l  

a .  h / b  = 1 . 0  . . . . . . . . . . . . . . . . . . .  92 

b .  h / b  = 0 . 8  . . . . . . . . . . . . . . . . . . .  93 

c .  h / b  = 0 . 5  . . . . . . . . . . . . . . . . . . .  94 

Z e r o  S o l i d - B l o c k a g e  I n t e r f e r e n c e  C u r v e s  i n  
R e c t a n g u l a r  S l o t t e d  T u n n e l s  . . . . . . . . . . . .  9 5  

S o l i d - B l o c k a g e  F a c t o r  R a t i o  a t  x = 0 i n  
R e c t a n g u l a r  T u n n e l s  w i t h  S o l i d  V e r t i c a l  W a l l s  
a n d  S l o t t e d  H o r i z o n t a l  W a l l s  . . . . . . . . . . .  96  

S o l i d - B l o c k a g e  F a c t o r  R a t i o  a t  x = 0 i n  
R e c t a n g u l a r  T u n n e l s  w i t h  S o l i d  V e r t i c a l  W a l l s  
a n d  P e r f o r a t e d  H o r i z o n t a l  W a l l s  . . . . . . . . . .  97 

V e l o c i t y  G r a d i e n t  d u e  t o  S o l i d  B l o c k a g e  a t  x = 0 
i n  R e c t a n g u l a r  T u n n e l s  w i t h  S o l i d  V e r t i c a l  W a l l s  a n d  
P e r f o r a t e d  H o r i z o n t a l  W a l l s  . . . . . . . . . . . .  98  

L i f t - I n t e r f e r e n c e  F a c t o r  a t  x = 0 i n  R e c t a n g u l a r  
S l o t t e d  T u n n e l s  . . . . . . . . . . . . . . . . . .  9 9  

L i f t - I n t e r f e r e n c e  F a c t o r  a t  x = 0 v e r s u s  Ph f o r  
V a r i o u s  V a l u e s  o f  Pv  i n  a R e c t a n g u l a r  
S l o t t e d  T u n n e l  

a h / b -  1 0 I 0 0  • • • • • • • • • • • • • • • • • m • • 

b h / b  = 0 8 I 0 1  

c h / b  = 0 5 1 0 2  

Z e r o  L i f t - I n t e r f e r e n c e  C u r v e s  i n  R e c t a n g u l a r  
S l o t t e d  T u n n e l s  . . . . . . . . . . . . . . . . . .  1 0 3  

vii 



A E D C-T R-69 -47 

5 . 1 1  D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e  F a c t o r  
a l o n g  a R e c t a n g u l a r  T u n n e l  w i t h  S o l i d  V e r t i c a l  
W a l l s  a n d  S l o t t e d  H o r i z o n t a l  W a l l s  

a .  h / b  = 1 . 0  . . . . . . . . . . . . . . . . . .  

b .  h / b  = 0 . 8  . . . . . . . . . . . . . . . . . .  

c .  h / b  = 0 . 5  . . . . . . . . . . . . . . . . . .  

5 . 1 2  Lift-Interference Factor at x = 0 In Rectangular 
Tunnels with Solld Vertlcal Walls and Slotted 
Horizontal Walls . . . . . . . . . . . . . . . .  

5 . 1 3  S t r e a m l i n e - C u r v a t u r e  F a c t o r  a t  x = 0 i n  
R e c t a n g u l a r  T u n n e l s  w i t h  S o l i d  V e r t i c a l  W a l l s  
a n d  S l o t t e d  H o r i z o n t a l  W a l l s  . . . . . . . . . .  

5 . 1 4  D i s t r i b u t i o n  o f  t h e  L i f t - I n t e r f e r e n c e  F a c t o r  
a l o n g  a R e c t a n g u l a r  T u n n e l  w i t h  S o l i d  V e r t i c a l  
W a l l s  a n d  P e r f o r a t e d  H o r i z o n t a l  W a l l s  

a .  h / b  = 1 . 0  . . . . . . . . . . . . . . . . . .  

b .  h / b  = 0 . 8  . . . . . . . . . . . . . . . . . .  

C. h / b  = 0 . 5  . . . . . . . . . . . . . . . . . .  

5.15 L i f t - I n t e r f e r e n c e  F a c t o r  a t  x = 0 i n  R e c t a n g u l a r  
T u n n e l s  w i t h  S o l i d  V e r t i c a l  W a l l s  a n d  P e r f o r a t e d  
Horizontal Walls . . . . . . . . . . . . . . . .  

5.16 Streamline-Curvature Factor at x = 0 in 
Rectangular Tunnels with Solid Vertical Walls 
and Perforated Horizontal Walls . . . . . . . .  

7.1 

7.2 

V~ues of Slot and Porosity Parameters Required 
to Give Zero Interference in a Two-Dimenslonal 
Tunnel . . . . . . . . . . . . . . . . . . . . .  

Values of Slot and Porosity Parameters Required 
to Give Zero Interference in a Circular Tunnel • 

7.3 Values of Slot and Porosity Parameters Required 
to Give Zero Lift Interference in Rectangular 
Tunnels with Solid Vertical Walls . . . . . . . .  

P a g e  

104 

105 

106 

107  

1 0 8  

1 0 9  

1 1 0  

1 1 1  

1 1 2  

113 

114 

1 1 5  

1 1 6  

4P 

viii 



A E D C-T R-69-47 

NOMENCLATURE 

J 

A 

Am 
A n 
a 

B 
B n 
b 

C 

C D 

C F 

CL C 
C n 
Cp 

C 

D 

Dm 

d 

E 
m 

E n 

F 

h 

I n 

I , I 
O X 

K 

K , K 
0 X 

L 

C r o s s - s e c t i o n a l  a r e a  o f  w i n g  

S e r i e s  c o e f f i c i e n t  c o n s t a n t s ,  s e e  A p p e n d i x  I I  

S e r i e s  c o e f f i c i e n t  i n  Eq. ( 5 . 1 6 )  

W i d t h  o f  s l o t  

S e r i e s  c o e f f i c i e n t  c o n s t a n t s ,  s e e  A p p e n d i x  I I  

S e r i e s  c o e f f i c i e n t "  i n  Eq.  ( 5 . 1 7 )  

S e m i w i d t h  o f  a r e c t a n g u l a r  t u n n e l  

C r o s s - s e c t i o n a l  a r e a  o f  t u n n e l  t e s t  s e c t i o n  

Drag  c o e f f i c i e n t  

F o r c e  o r  moment  c o e f f i c i e n t  

L i f t  c o e f f i c i e n t  

P i t c h i n g - m o m e n t  c o e f f i c i e n t  

S e r i e s  c o e f f i c i e n t  i n  Eq.  ( 5 . 5 7 )  

P r e s s u r e  c o e f f i c i e n t ,  A p / q ~  

Wing c h o r d  

Mean a e r o d y n a m i c  c h o r d  

Model  d r a g  

S e r i e s  c o e f f i c i e n t  c o n s t a n t s ,  s e e  A p p e n d i x  I I I  

S e r i e s  c o e f f i c i e n t  i n  Eq.  ( 5 . 6 3 )  

D o u b l e t  s t r e n g t h  ( E q s .  ( 3 . 2 )  a n d  ( 4 . 2 ) )  

S e r i e s  c o e f f i c i e n t  c o n s t a n t s ,  s e e  A p p e n d i x  I I I  

S e r i e s  c o e f f i c i e n t  i n  Eq. ( 5 . 6 3 )  

G e o m e t r i c  s l o t  p a r a m e t e r  ( s e e  F i g .  2 . 1 )  

S e r i e s  c o e f f i c i e n t  c o n s t a n t s ,  s e e  A p p e n d i x  I I I  

S e m i h e i g h t  o f  a t w o - d i m e n s i o n a l  o r  r e c t a n g u l a r  
t u n n e l  

P o r t i o n  o f  t h e  i n t e g r a n d  o f  v a r i o u s  e q u a t i o n s  
w h e r e  n ffi A t h r o u g h  R, s e e  A p p e n d i x  I 

M o d i f i e d  B e s s e l  f u n c t i o n s  o f  t h e  f i r s t  k i n d  

G e o m e t r i c  s l o t  p a r a m e t e r  ( E q . ( 2 . 7 ) )  

M o d i f i e d  B e s s e l  f u n c t i o n s  o f  t h e  s e c o n d  k i n d  

Model  l i f t  

ix 



A E D C-T R-69-47 

M 

m 

N 

n 

P 

P 

Ap 

Q 

q 

q~ 

R 

Re 

r 
o 

S 

S 

U 

U 

V 

V 

W 

x , y , z  

x , r , e  

~ n  

6 
P 

A 

5 

5 
O 

5 
X 

S l o t  s p a c i n g  ( s e e  F i g .  2 . 1 )  

Mach number  o f  t h e  u n d i s t u r b e d  s t r e a m  

S o u r c e  s t r e n g t h  ( E q s .  ( 3 . 2 3 )  a n d  ( 4 . 1 8 ) )  

Number o f  s l o t s  

C o o r d i n a t e  i n  t h e  d i r e c t i o n  o f  t h e  o u t w a r d  
n o r m a l  t o  t h e  w a l l  

S l o t  p a r a m e t e r ,  1 / ( 1  + F) 

P r e s s u r e  

P r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  w a l l  

P o r o s i t y  p a r a m e t e r ,  1 / ( 1  + 0 / R )  

V a r i a b l e  o f  i n t e g r a t i o n  

Dynamic  p r e s s u r e  o f  t h e  u n d i s t u r b e d  s t r e a m  

P o r o s i t y  p a r a m e t e r  (Eq.  ( 2 . 9 ) )  

R e y n o l d s  number  

R a d i u s  o f  a c i r c u l a r  t u n n e l  

R e f e r e n c e  a r e a  o f  t h e  m o d e l  

S e m i s p a n  o f  w i n g  

V e l o c i t y  o f  t h e  u n d i s t u r b e d  s t r e a m  

P e r t u r b a t i o n  v e l o c i t y  i n  t h e  a x i a l  d i r e c t i o n  

Volume o f  t h e  m o d e l  

V e l o c i t y  o f  t h e  f l o w  n o r m a l  t o  t h e  w a l l  

Upwash v e l o c i t y  

C a r t e s i a n  c o o r d i n a t e s  

C y l i n d r i c a l  c o o r d i n a t e s  

A i r f o i l  a n g l e  o f  a t t a c k  

[q2  + ( n T r h / b ) 2 ] l / a  

( 1  - M ~') " , / 2  

C i r c u l a t i o n  a b o u t  t h e  w i n g  ( E q s .  ( 3 . 4 5 )  a n d  
( 4 . 3 6 ) )  

P r e f i x  d e n o t i n g  c h a n g e  due  t o  w a l l  i n t e r f e r e n c e  

L i f t - i n t e r f e r e n c e  f a c t o r  ( E q s .  ( 3 . 5 1 ) ,  ( 4 . 4 2 ) ,  
a n d  ( 5 . 4 2 ) )  

V a l u e  o f  5 a t  x ffi 0 

G r a d i e n t  o f  5 a t  x = 0 

X 



A E DC-T R-69-47 

E 

e 

0 1 

V 

P 
q) 

% 
a 

$UBSCRI PTS 

B l o c k a g e - i n t e r f e r e n c e  f a c t o r ,  u /U  

Flow a n g l e  a t  t h e  w a l l ,  v /U 

C o n s t a n t s  i n  Eqs .  ( 6 . 1 0 )  and  ( 6 . 1 1 )  

c o t  - ~  -(~/R) 

t a n -  ~ (B/R) 
D e n s i t y  o f  t h e  u n d i s t u r b e d  s t r e a m  

P e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  

I n t e r f e r e n c e  v e l o c i t y  p o t e n t i a l  

V e l o c i t y  p o t e n t i a l  o f  t h e  model  

B l o c k a g e - f a c t o r  r a t i o ,  ¢ / ~ c ( x = 0 )  

B 

C 

C 

g 

h 

O 

P 
S 

t 

V 

W 

E f f e c t  o f  b l o c k a g e  

C o r r e c t e d  

C l o s e d  t u n n e l  

E f f e c t  o f  v e l o c l t y  g r a d i e n t  ( b u o y a n c y )  

E f f e c t  o f  h o r i z o n t a l  w a l l s  

Open t u n n e l  

P e r f o r a t e d  t u n n e l  

S l o t t e d  t u n n e l  o r  s o l i d  b l o c k a g e  

T a l l  s u r f a c e  

E f f e c t  o f  v e r t i c a l  w a l l s  

Wake b l o c k a g e  

xi 



AEDC-TR-69.47 

SECTION I 
INTRODUCTION 

S i n c e  t h e  c o n c e p t i o n  o f .  t h e  u s e  o f  v e n t i l a t e d  w a l l s  
f o r  t r a n s o n i c  t e s t i n g  i n  t h e  l a t e  1 9 4 0 ' s ,  a l a r g e  n u m b e r  o f  
t u n n e l s  w i t h  w a l l s  o f  t h i s  t y p e  h a v e  b e e n  p u t  i n t o  o p e r a t i o n .  
I n a s m u c h  a s  t h e s e  f a c i l i t i e s  a r e  e q u a l l y  s u i t e d  f o r  s u b s o n i c  
t e s t i n g ,  t h e  q u e s t i o n  a r i s e s  a s  t o  how t h e s e  t u n n e l s  com-  
p a r e  w i t h  c l o s e d  a n d  o p e n  j e t  t u n n e l s  i n  t h e  l e v e l  o f  w a l l  
i n t e r f e r e n c e .  A g o o d l y  n u m b e r  o f  p a p e r s  h a v e  t h e r e f o r e  
a p p e a r e d  t r e a t i n g  t h i s  q u e s t i o n .  

I n  t h i s  r e p o r t ,  an  a t t e m p t  h a s  b e e n  made  t o  s u m m a r i z e  
a n d  e x t e n d  t h e  t h e o r e t i c a l  s t u d i e s  o f  b o u n d a r y  i n t e r f e r e n c e  
o b t a i n e d  i n  v e n t i l a t e d  w a l l s  when  o p e r a t i n g  a t  s u b s o n i c  s p e e d s .  
I n  S e c t i o n  I I ,  t h e  g e n e r a l  a p p r o a c h  t o  t h e  p r o b l e m  i s  o u t l i n e d  
a l o n g  w i t h  t h e  d e v e l o p m e n t  o f  a g e n e r a l  b o u n d a r y  c o n d i t i o n .  
The m a t e r i a l  i n  S e c t i o n s  I I I  a n d  IV i s  a c o n s o l i d a t i o n  o f  
t h a t  p r e s e n t e d  i n  R e f s .  1 a n d  2 u s i n g  some o f  t h e  p a r a m e t e r s  
i n t r o d u c e d  i n  R e f .  3 .  The c a s e s  o f  s o l i d  b l o c k a g e  i n  a 
t w o - d i m e n s i o n a l  t u n n e l ,  s o l i d  b l o c k a g e  i n  a c i r c u l a r  t u n n e l ,  
a n d  l i f t  i n t e r f e r e n c e  i n  a c i r c u l a r  t u n n e l  f o l l o w  t h o s e  o f  
R e f .  1 .  The a n a l y s e s  f o r  l i f t  i n  a t w o - d i m e n s i o n a l  t u n n e l  
a n d  wake  b l o c k a g e  i n  b o t h  a t w o - d i m e n s i o n a l  a n d  a c i r c u l a r  
t u n n e l  f o l l o w  t h e  m a t e r i a l  p r e s e n t e d  i n  t h e  A p p e n d i x  o f  R e f .  
2 .  The m a t e r i a l  on i n t e r f e r e n c e  i n  a r e c t a n g u l a r  t u n n e l  
p r e s e n t e d  i n  S e c t i o n  V i s  a summary  a n d  e x t e n s i o n  o f  t h e  
w o r k  p r e s e n t e d  i n  R e f s .  4 a n d  5 .  A b r i e f  r e v i e w  o f  t h e  
e q u a t i o n s  u s e d  t o  a p p l y  i n t e r f e r e n c e  p a r a m e t e r s  i s  g i v e n  i n  
S e c t i o n  V I .  

The c o n s o l i d a t i o n  o f  t h i s  m a t e r i a l  i n t o  a s i n g l e  v o l u m e  
i n  a c o n s i s t e n t  f o r m  a n d  a u n i f o r m  n o m e n c l a t u r e  a s s i s t s  i n  
p o i n t i n g  o u t  t h e  s i m i l a r i t y  o f  t h e  e x p r e s s i o n s  e b ~ a i n e d  i n  t h e  
v a r i o u s  t y p e s  o f  t u n n e l s .  The f i g u r e s  i n  A p p e n d i x  V a l s o  p r o -  
v i d e  a c o m p l e t e  r e c o r d i n g  o f  t h e  i n t e r f e r e n c e  p a r a m e t e r s  r e -  
q u i r e d  t o  a p p l y  f i r s t - o r d e r  c o r r e c t i o n s  t o  t e s t  d a t a .  S i n c e  
i n  many c a s e s  t h e  i n t e r f e r e n c e  o b t a i n e d  i n  v e n t i l a t e d  w a l l  
t u n n e l s  i s  c o m p a r e d  t o  t h a t  i n  e i t h e r  c l o s e d  o r  o p e n  b o u n d a r y  
t u n n e l s ,  t h e  m a g n i t u d e  o f  t h e s e  i n t e r f e r e n c e  p a r a m e t e r s  i s  i n -  
c l u d e d  i n  t h e  p r e s e n t a t i o n .  The c l o s e d  t u n n e l  p a r a m e t e r s  a r e  
d e n o t e d  by t h e  s u b s c r i p t  c a n d  t h e  o p e n  j e t  p a r a m e t e r s  by  t h e  
s u b s c r i p t  o .  
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SECTIONII 
GENERAL ANALYSIS 

The e f f e c t s  o f  t h e  w a l l s  o f  a v e n t i l a t e d  w i n d  t u n n e l  
o n  t h e  f l o w  p a s t  a t e s t  m o d e l  c a n  b e  d e t e r m i n e d  u s i n g  t h e  same  
b a s i c  a p p r o a c h  a s  t h a t  u s e d  f o r  a t u n n e l  w i t h  e i t h e r  c o m p l e t e l y  
c l o s e d  o r  c o m p l e t e l y  o p e n  b o u n d a r i e s .  The m o d e l  i s  r e p r e s e n t e d  
by v a r i o u s  s i n g u l a r i t i e s ;  a d o u b l e t  t o  r e p r e s e n t  t h e  m o d e l  
s o l i d  b l o c k a g e ,  a s o u r c e  t o  r e p r e s e n t  t h e  m o d e l  w a k e ,  a n d  a 
v o r t e x  t o  r e p r e s e n t  t h e  m o d e l  l i f t .  F o r  t u n n e l s  o f  c i r c u l a r  o r  
r e c t a n g u l a r  s h a p e  w i t h  e i t h e r  s o l i d  o r  o p e n  b o u n d a r i e s ,  a s y s t e m  
o f  i m a g e s  o f  t h e  s i n g u l a r i t y  i s  u s u a l l y  c o n s t r u c t e d  t o  o b t a i n  
t h e  i n t e r f e r e n c e  p o t e n t i a l  o f  t h e  b o u n d a r i e s .  I n  t h e  c a s e  o f  a 
c i r c u l a r  c l o s e d  t u n n e l  t h e  i m a g e  s y s t e m  i s  p a r t i c u l a r l y  s i m p l e .  
F o r  a r e c t a n g u l a r  c l o s e d  t u n n e l  t h e  i m a g e  s y s t e m  g e t s  m o r e  
c o m p l i c a t e d  b u t  s t i l l  m a n a g e a b l e .  F o r  v e n t i l a t e d  w a l l s ,  h o w -  
e v e r ,  a s u i t a b l e  i m a g e  s y s t e m  i s  i m p r a c t i c a l  t o  a p p l y  s o  t h a t  
s p e c i a l  a n a l y t i c a l  t r e a t m e n t  i s  r e q u i r e d  t o  o b t a i n  t h e  i n t e r -  
f e r e n c e  p o t e n t i a l .  

2.1 DIFFERENTIAL EQUATION FOR THE PERTURBATION POTENTIAL 

The g o v e r n i n g  e q u a t i o n  f o r  t h e  p e r t u r b a t i o n  p o t e n t i a l  
i s  b a s e d  on  t h e  l i n e a r i z e d  e q u a t i o n  f o r  s u b s o n i c  c o m p r e s s i b l e  
f l o w  g i v e n  i n  c a r t e s i a n  c o o r d i n a t e s  by 

8 s b s ~  + ~ s ~  + ~ - 0 ( 2 . 1 )  

x a ~ y~ ~ z a 

o r  i n  t h e  c y l i n d r i c a l  c o o r d i n a t e s  y = r c o s  e a n d  z = r s i n  8 by 

- -  - -  + - - - +  = 0 (2.2) 

~x s ~ r  s r ~ r  r s ~8 8 

w h e r e  ~ is t h e  p e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  o f  t h e  f l o w  in 
t h e  t u n n e l .  

The p e r t u r b a t i o n  p o t e n t i a l  may be  w r i t t e n  a s  

= ~m + ~i 
( 2 . 3 )  

w h e r e  ~_ is t h e  p o t e n t i a l  o f  t h e  f l o w  a b o u t  t h e  m o d e l  i n  
f r e e  a i ~  a n d  ~ i  i s  t h e  i n t e r f e r e n c e  p o t e n t i a l  i n d u c e d  by  t h e  
t u n n e l  b o u n d a r i e s .  

2 
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I f  e _  i s  t a k e n  t o  be  a known s o l u t i o n  o f  Kq. ( 2 . 1 )  
w h i c h  a p p r o x i m a t e s  t h e  t r u e  f r e e - a i r  p o t e n t i a l  a t  p o i n t s  f a r  
f r o m  t h e  m o d e l ,  ~ i  c a n  be  c a l c u l a t e d  f rom t h e  f a c t  t h a t  t h e  sum 
~m + 04 s a t i s f i e s  a known b o u n d a r y  c o n d i t i o n  a t  t h e  w a l l .  S i n c e  
tMe v a l u e s  o f  ~m a r e  u s e d  o n l y  a t  t h e  w a l l ,  a n y  i n a c c u r a c y  i n  
t h e  v a l u e  o f  mm n e a r  t h e  m o d e l  w o u l d  n o t  a p p r e c i a b l y  a f f e c t  t h e  
c a l c u l a t i o n  o f "m i . 

The p r i m a r y  o b j e c t i v e  i n  t h i s  p r o c e d u r e  i s  t o  e s t i m a t e  
t h e  c h a n g e  i n  s t r e a m  c o n d i t i o n s  c a u s e d  by t h e  w a l l s  a t  t h e  
p o s i t i o n  o f  t h e  m o d e l .  I t  i s  a s s u m e d  t h a t  t h e  v e l o c i t y  com-  
p o n e n t s  d e r i v e d  f rom ~ i  a r e  c o n s t a n t s  n e a r  t h e  m o d e l  w h i c h  c a n  
be  s u b t r a c t e d  f r o m  t h e  s t r e a m  v e l o c i t y  t o  o b t a i n  t h e  e q u i v a l e n t  
f r e e - a i r  s t r e a m  v e l o c i t y .  T h u s ,  

~i 
~x 

g i v e s  t h e  b l o c k a g e  c o r r e c t i o n s  due  t o  t h e  m o d e l  a n d  i t s  w a k e ,  
a n d  

~ z  

i s  t h e  upwash  c o r r e c t i o n .  

The v a r i a t i o n s  o f  t h e s e  v e l o c i t y  c o m p o n e n t s  a l o n g  t h e  
m o d e l  a x i s  i n  t u r n  l e a d  t o  t h e  s o - c a l l e d  b u o y a n c y  and  s t r e a m -  
l i n e  c u r v a t u r e  c o r r e c t i o n s .  

2.2 BOUNDARY CONDITIONS 

I n  t h i s  s e c t i o n  a s i n g l e  e x p r e s s i o n  a p p r o x i m a t e l y  
r e p r e s e n t a t i n g  t h e  b o u n d a r y  c o n d i t i o n s  o f  s o l i d ,  o p e n ,  s l o t t e d ,  
a n d  p e r f o r a t e d  w a l l s  w i l l  be  d e v e l o p e d .  

2.2.1 SoLid Woll 

L e t  x be  t h e  c o o r d i n a t e  i n  t h e  d i r e c t i o n  o f  t h e  f r e e  
s t r e a m  and  n t h e  c o o r d i n a t e  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  
t h e  x d i r e c t i o n .  C o n s i d e r  a w a l l  w h i c h  i s  p e r p e n d i c u l a r  t o  t h e  
n d i r e c t i o n  ( i . e . ,  p a r a l l e l  t o  t h e  f r e e  s t r e a m ) .  I f  t h e  w a l l  
i s  s o l i d ,  t h e  c o n d i t i o n  o f  no  f l o w  t h r o u g h  t h e  w a l l  c a n  be  e x -  
p r e s s e d  a s  

~m 
- o ( 2 . 4 )  

~n 
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2.2.2 Open Boundary 

In  t h e  c a s e  o f  an  o p e n  j e t  t h e r e  i s  no p r e s s u r e  d r o p  
a c r o s s  t h e  j e t  b o u n d a r y  s o  t h a t  t h e r e  i s  z e r o  p e r t u r b a t i o n  

• p r e s s u r e  a t  t h e  b o u n d a r y .  W i t h  a d i s t u r b a n c e  i n  t h e  s t r e a m  
t h i s  b o u n d a r y  d o e s  n o t  r e m a i n  p a r a l l e l  t o  t h e  f r e e  s t r e a m .  
H o w e v e r ,  f o r  c o n v e n i e n c e ,  t h e  c o n d i t i o n  o f  z e r o  p e r t u r b a t i o n  
p r e s s u r e  i s  i m p o s e d  a t  a s u r f a c e  p a r a l l e l  t o  t h e  f r e e  s t r e a m  
an d  c o i n c i d i n g  w i t h  t h e  J e t  b o u n d a r y  f a r  u p s t r e a m  o f  t h e  d i s -  
t u r b a n c e .  A l s o ,  f o r  c o n v e n i e n c e ,  t h i s  s u r f a c e  c a n  be  c a l l e d  
a n  o p e n  w a l l  and  t h e  b o u n d a r y  c o n d i t i o n  c a n  be  e x p r e s s e d  a s  

= o , : ° ( 2 . 5 )  
~ x  

2.2.3 Slotted Wall 

An a p p r o x i m a t e  b o u n d a r y  e q u a t i o n  f o r  a s l o t t e d  w a l l  h a s  
b e e n  d e r i v e d  by a n u m b e r  o f  a u t h o r s  ( s e e  f o r  e x a m p l e  R e f .  1 ) .  
The p r e s s u r e  a t  t h e  s l o t s  i s  a s s u m e d  c o n s t a n t  a n d  e q u a l  t o  t h e  
f r e e - s t r e a m  p r e s s u r e .  The r e s u l t i n g  u n i f o r m  b o u n d a r y  c o n d i t i o n  
i s  

m + K ~ = 0 ( 2 . 6 )  

~x ~x~n  

w h e r e  K i s  r e l a t e d  t o  t h e  s l o t  g e o m e t r y  ( s e e  F i g .  2 . 1 )  by 

a n d  a / ~  i s  t h e  o p e n  a r e a  r a t i o  o f  t h e  w a l l  A p l o t  o f  
I n  [ c s c ( ~ a / 2 ~ ) J  v e r s u s  a / ~  i s  shown i n  F i g :  2 . 2 .  S l o t t e d  w a l l s  
t o  w h i c h  Eq.  ( 2 . 6 )  i s  a p p l i c a b l e  w i l l  h e n c e f o r t h  be  r e f e r r e d  
t o  i n  t h i s  r e p o r t  a s  i d e a l  s l o t t e d  w a l l s .  

2.2.4 Perforated Wall 

An a v e r a g e  b o u n d a r y  c o n d i t i o n  f o r  a p e r f o r a t e d  w a l l  i s  
d e r i v e d  i n  R e f .  6 .  The a v e r a g e  v e l o c i t y  o f  t h e  f l o w  
n o r m a l  t o  t h e  w a l l  i s  a s s u m e d  t o  be  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  
d r o p  t h r o u g h  t h e  w a l l .  T h i s  l e a d s  t o  t h e  b o u n d a r y  e q u a t i o n  

+ ! = o ( 2 . 8 )  
~x R ~n 

4 
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w h e r e  R i s  a p o r o s i t y  p a r a m e t e r  d e f i n e d  a s  

R = 
' ~ c o / ~ n  _ 2 v / U  _ 2 0  

~c0/~x h p / q  m C 
P 

i n  w h i c h  

( 2 . 9 )  

v = v e l o c i t y  o f  t h e  f l o w  n o r m a l  t o  t h e  w a l l  

U = v e l o c i t y  o f  t h e  u n d i s t u r b e d  s t r e a m  

Ap = p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  w a l l  

qm = d y n a m i c  p r e s s u r e  o f  t h e  u n d i s t u r b e d  s t r e a m  

a n d  

9 = v / U  

Cp = Ap/q m 

T h e  p a r a m e t e r  R c a n  b e  d e t e r m i n e d  e x p e r i m e n t a l l y  b y  m e a s u r i n g  
t h e  m a s s  f l o w  a n d  p r e s s u r e  d r o p  t h r o u g h  a s a m p l e  o f  w a l l  a s  
d i s c u s s e d  f o r  e x a m p l e  i n  R e f .  7 .  

2.2.5 General Boundary Condition 

S o l u t i o n s  f o r  t h e  b o u n d a r y  i n t e r f e r e n c e  b a s e d  on  
E q s .  ( 2 . 6 )  a n d  ( 2 . 8 )  c a n  b e  o b t a i n e d  i n  o n e  c a l c u l a t i o n  
by  c o m b i n i n g  t h e  two  e q u a t i o n s  i n  t h e  f o r m  

1 ~¢  ~-~ + K ~s-~-~ + _ m 
~x  ~ x ~ n  R ~ n  

= 0 (2.1o) 

T h u s ,  w a l l  i n t e r f e r e n c e  s o l u t i o n s  b a s e d  o n  E q .  ( 2 . 1 0 )  c o n -  
t a i n  a s  s p e c i a l  c a s e s :  

a .  C l o s e d  w a l l ,  

b .  O p e n  w a l l ,  

. c .  I d e a l  d l o t t e d  
W a l l ,  

K ~ m o r  I / R  - m 

K = 0 a n d  I / R  = 0 

I / R  = o 

d .  P e r f o r a t e d  w a l l ,  K = 0 

5 
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SECTION III 
INTERFERENCE IN A TWO.DIMENSIONAL TUNNEL 

The p r e s e n t  s e c t ' l o n  i s  c o n c e r n e d  w i t h  t h e  i n t e r f e r e n c e  
on  t w o - d i m e n s i o n a l  m o d e l s  s p a n n i n g  a t u n n e l  o f  h e i g h t  2h a s  
shown i n  F i g .  2 . 1 a .  The t u n n e l  s i d e w a l l s  a r e  a s s u m e d  t o  a c t  
m e r e l y  a s  r e f l e c t i o n  p l a n e s  c o n t r i b u t i n g  n o t h i n g  t o  t h e  f l o w  
a b o u t  a ~ o d e t  l o c a t e d  midway  b e t w e e n  t h e  h o r i z o n t a l  w a l l s .  

B l o c k a g e  i n t e r f e r e n c e  a r i s e s  f r o m  b o t h  t h e  m o d e l  a n d  
i t s  w a k e ,  t h e  two c o m p o n e n t s  b e i n g  c a l l e d  s o l i d  a n d  w a k e  
b l o c k a g e  r e s p e c t i v e l y .  I t  m a n i f e s t s  i t s e l f  a s  an  i n c r e m e n t  
u = ~BU i n  t h e  s t r e a m  v e l o c i t y .  The  t o t a l  b l o c k a g e  f a c t o r  
c B i s  c o n v e n i e n t l y  e x p r e s s e d  a s  t h e  sum o f  t h e  s o l i d - b l o c k a g e  
f a c t o r  ~s a n d  t h e  w a k e - b l o c k a g e  f a c t o r  Cw, w h i c h  a r e  d e r i v e d  
i n d e p e n d e n t l y  a t  z e r o  m o d e l  l i f t .  A s s o c i a t e d  w i t h  b o t h  t h e  
s o l i d -  a n d  w a k e - b l o c k a g e  I n c r e m e n t s  a r e  l o n g i t u d i n a l  v e l o c i t y  
g r a d i e n t s ,  w h i c h  i m p o s e  a c o r r e s p o n d i n g  d r a g  f o r c e  on  t h e  
m o d e l .  

L i f t  i n t e r f e r e n c e  a r i s e s  f r o m  t h e  l i f t  p r o d u c e d  by t h e  
m o d e l .  The i n t e r f e r e n c e  may be  r e g a r d e d  a s  c o m p o s e d  o f  two 
p a r t s ;  an  u p w a s h  v e l o c i t y ,  w, and  a s t r e a m l i n e  c u r v a t u r e  
a s s o c i a t e d  w i t h  t h e  v a r i a t i o n  i n  t h e  w a l l - i n d u c e d  u p w a s h  a l o n g  
t h e  m o d e l  l e n g t h .  

3.1 SOLID BLOCKAGE 

I f  t h e  m o d e l  i s  s m a l l  and  t h i n ,  t h e  s o l i d  b l o c k a g e  may 
be  r e p r e s e n t e d  by a t w o - d i m e n s i o n a l  d o u b l e t  w h o s e  v e l o c i t y  
p o t e n t i a l  i n  a f r e e  s t r e a m  o f  s u b s o n i c  Mach n u m b e r ,  M, I s  

d x ( 3 . 1 )  
~o m -- ~ 

x 8 + 8 8 z  s 

The o r i g i n  o f  t h e  c o o r d i n a t e  s y s t e m  i s  a t  t h e  c e n t r o f d  o f  
t h e  m o d e l .  The d o u b l e t  s t r e n g t h ,  d ,  i s  r e l a t e d  t o  t h e  c r o s s -  
s e c t i o n a l  a r e a  o f  t h e  m o d e l ,  A, by  t h e  r e l a t i o n s h i p  

d : AU/B ( 3 . 2 )  

In  R e f .  1 ,  t h e  i n t e r f e r e n c e  p o t e n t i a l  i s  o b t a i n e d  by  a 
F o u r i e r  t r a n s f o r m  m e t h o d  u s i n g  t h e  a p p r o a c h  o u t l i n e d  i n  
S e c t i o n  I I  a n d  i s  g i v e n  by  

8 
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d (q') (qx) oo.  ; -  oo. 

I ~= IB qz qx q~ (3.3) 

where the various portions of the integrands denoted by I 
and a corresponding subscript are l i s t ed  in Appendix I and a 
s lo t  parameter, F (see Ftg. 2.1) has been introduced. '  

The interference veloci ty,  ~i/~x, is given by 

d t B -  ~ (qz )  (q~h'h) U s = - -  " ~ "  2n'B" h e R ~o cosh sin IO.L dq 

1 IAIB (qz  lh._ (qx)B_h q} : r : -  cosh COS q d ~ (3.4) 

The longitudinal velocity gradient is given by 

Bu s d I ~  ~: _ l  cosh ( ~ ) ( qx ) 
--~-= 21TBSh s IA COS ~ q" dq 

I "  Is (qz } ( q x )  qS q} . + 2~'0 ~" A cosh ~- sin ~ d (3 5) 

At x = z = 0, the equatfons for the Interference veloci ty 
and the veloci ty gradient reduce to 

d ~= IB 
U s = -- J q dq 

4~B s h s O 

(3.6) 

and 

BUs _ d B ~ ~ qS dq ( 3 . 7 )  

~ x  2~B s h m R o I A 

7 
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3.1.1 Closed Tunnel 

L e t t i n g  F - -  ® o r  B / R - -  ~o i n  FAI. (3.6)  a n d  u s i n g  
Eq.  (3.2)  g i v e s  

U m ~  i ,, m ( ¢ s )  c . ~ A - 0 . 1 3 1  A 
U 2 4  Ba h I Ba b s 

(3.e) 

a n d  f r o m  E q .  ( 3 . 7 )  

("./ 
a- -I o .(3.9) 

3.1.2 Open Jet 

L e t t i n g  7 - 0 a n d  I / R  = 0 y l e l d s  

a n d  

A 
S)O ----'---- (¢ = ~ A - - 0 . 0 6 6  [~Sh a 

4 8  B a h i 

~ ¢ s )  i 

~x o 
- 0 

( 3 . 1 0 )  

(3 .11)  

3.1.3 Slotted Wall Tunnel 

To s t u d y  t h e  b l o c k a g e  e f f e c t s  i n  a v e n t i l a t e d  w a l l  
t u n n e l 1  t h e  p a r a m e t e r  fl i s  i n t r o d u c e d  a s  i n  R e f .  3 w h i c h  i s  
d e f i n e d  a s  t h e  r a t i o  o f  ¢ i n  a v e n t i l a t e d  t u n n e l  t o  i t s  v a l u e  
¢c  a t  x = 0 I n  a s i m i l a r  t u n n e l  w i t h  c l o s e d  w a l l s .  T h u s ,  
u s i n g  Eq.  ( 3 . 8 )  1 t h e  s o l i d - b l o c k a g e  f a c t o r  f o r  a s l o t t e d  
t u n n e l  i s  g i v e n  by 

(CS)s (24 SSh 8 ) (~S)s . . . . . . . . .  (eS)s 
( ¢ S ) c  ( x f 0 )  Ir A 

(3.12) 

E q u a t i o n  ( 3 . 4 )  h a s  b e e n  e v a l u a t e d  a t  v a r i o u s  v a l u e s  o f  t h e  
s l o t  p a r a m e t e r  P - 1 / ( I + F )  t o  o b t a i n  t h e  d i s t r i b u t i o n  o f  t h e  
s o l i d - b l o c k a g e  r a t i o  0 a l o n g  t h e  x - a x i s  o f  a s l o t t e d  t u n n e l .  
The  r e s u l t s ' a r e  s h o w n  i n  F i g .  3 . 1 .  

8 
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E q u a t i o n  ( 3 . 6 )  f o r  t h e  i n t e r f e r e n c e  v e l o c i t y  a t  x ffi 
z ffi 0 f o r  t h e  c a s e  o f  a s l o t t e d  w a l l  t u n n e l  (B/R ffi 0)  
r e d u c e s  t o  

(fls) s - 

O0 

6 ~ 1 -  (Fq) 8 + ( 1 - F q )  a e=Sq q dq ( 3 . 1 3 )  
~8 ( c o s h  q + Fq s i n h  q)8 0 

o r  a s  g i v e n  i n  R e f .  1 

24 ~® (1 - Fq)  e - s q  
( S)s q dq 

o ° (1 + Fq)  + (1 - Fq)  e - a q  
(3.14) 

The  v a r i a t i o n  o f  fis a t  t h e  m o d e l  p o s i t i o n  (x ffi O) v e r s u s  t h e  
s l o t  p a r a m e t e r  P i n  a t w o - d i m e n s i o n a l  s l o t t e d  t u n n e l  i s  
s h o w n  i n  F i g .  3 . 2 .  Z e r o  s o l i d  b l o c k a g e  i s  a c h i e v e d  a t  P ffi 0 . 4 5  
o r  F ffi 1 . 1 8 .  

E x a m i n a t i o n  o f  t h e  s l o t  p a r a m e t e r  i n d i c a t e s  t h a t  f o r  
e a c h  v a l u e  o f  t h e  r a t i o  ( h / ~ )  t h e r e  i s  a d i f f e r e n t  v a l u e  o f  
t h e  o p e n - a r e a  r a t i o  ( a / ~ )  f o r  z e r o  b l o c k a g e  a s  s h o w n  i n  t h e  
] o l l o w i n g  t a b l e :  

h 1 2 3 4 

100 ~ 1 . 6  0 . 4 x l O  -x 0 . 9 x 1 0  -~ 0 . 2 x l O  -4 

As s e e n  f r o m  Eq.  ( 3 . 7 ) ,  t h e  l o n g i t u d i n a l  v e l o c i t y  
g r a d i e n t  a t  t h e  m o d e l  p o s i t i o n  i s  z e r o  i n  an  i d e a l  s l o t t e d  
w a l l  t u n n e l .  The  s o l i d - b l o c k a g e  f a c t o r  v a r i e s  s y m m e t r i c a l l y  
on e i t h e r  s i d e  o f  t h e  p o s i t i o n  o f  t h e  m o d e l  a s  s h o w n  i n  
F i g .  3 . 1 .  H e n c e  t h e r e  i s  no  h o r i z o n t a l  b u o y a n c y  f o r c e  a n d  no  
c o r r e c t i o n  t o  be  a p p l i e d  t o  t h e  m e a s u r e d  d r a g .  S e e  Eq.  ( 3 . 2 0 ) .  

3.1.4 Perforated Wall Tunne I 

The  v a ~ i a t i o n  o f  t h e  s o l i d - b l o c k a g e  r a t i o  a l o n g  t h e  
x - a x i s  o f  a p e r f o r a t e d  w a l l  t u n n e l  a s  o b t a i n e d  f r o m  Eq.  ( 3 . 4 )  
f o r  v a r i o u s  v a l u e s  o f  t h e  p o r o s i t y  p a r a m e t e r  Q ffi 1 / ( 1  + S / R )  
i s  s h o w n  i n  F i g .  3 . 3 .  The s o l i d - b l o c k a g e  r a t i o  a t  t h e  m o d e l  
p o s i t i o n  f o r  t h e  p e r f o r a t e d ' t u n n e l  (F = 0 ) ,  c a n  be  o b t a i n e d  
f r o m  Eq.  ( 3 . 6 )  a n d  i s  g i v e n  by 

( ~ S ) P  - ~ o c ° s h ) q  + ( 8 / l t ) l  s i n h )  q 
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o r  a s  g i v e n  i n  R e f .  1 ® 

12 ~cosh  q - (B/R) i s l n h  q ~  e - q  
(ns)  - n~ . . . .  q d q  ( 3 . 1 6 )  

P ~ __ c o s h  aq  + ~ s i n h  s q  

T h i s  c a s e  was i n l t l a l l y  c o n s i d e r e d  by Goodman ( R e f .  6)  
a n d  K a s s n e r  ( R e f .  8 ) .  By e m p l o y i n g  a m o d i f i e d  i m a g e  m e t h o d ,  
K a s s n e r  o b t a i n e d  a s i m p l e  e x p r e s s i o n  f o r  t h e  s o l i d - b l o c k a g e  
r a t i o  g i v e n  by 

() ( f lS)p  = 1 - 6 ~ + 6 ( 3 . 1 7 )  

w h e r e  ~ ffi c o t - X ( B / R ) .  The v a r i a t i o n  o f  fls v e r s u s  t h e  p o r o s i t y  
p a r a m e t e r  Q i s  shown  i n  F i g .  3 . 4 .  Z e r o  s o l i d  b l o c k a g e  o c c u r s  
when Q ffi 0 . 4 4  o r  B/R = 1 . 2 8 .  

As i n d i c a t e d  in F i g .  3 . 3 ,  t h e  b o u n d a r i e s  o f  a p e r f o r a t e d  
w a l l  t u n n e l ,  u n l i k e  t h e  i d e a l  s l o t t e d  w a l l  t u n n e l ,  i n d u c e  a 
v e l o c i t y  g r a d i e n t  i n  t h e  r e g i o n  o f  t h e  m o d e l  b e c a u s e  o f  t h e  s o l l d  
b l o c k a g e  o f  t h e - m o d e l .  At  t h e  m o d e l  p o s i t i o n ~  t h i s  g r a d i e n t '  
i s  o b t a i n e d  f r o m  Eq.  ( 3 . 7 )  a n d  i s  g i v e n  by 

- dq 
x p ~s Bh R c o s h  s q + (B~/R)S s i n h  s q 

A p l o t  o f   htp i s  p r e s e n t e d  in F i g .  3 . 5  w h e r e  t t t s  

s e e n  t h a t  t h e  g r a d i e n t  i s  a maximum a t  a v a l u e  o f  Q a t  w h i c h  
t h e  s o l i d  b l o c k a g e  i s  z e r o .  

( 3 . 1 8 )  

The p r e s s u r e  g r a d i e n t  a s s o c i a t e d  w i t h  b l o c k a g e  l s  
r e l a t e d  t o  t h e  v e l o c i t y  g r a d i e n t  by t h e  e q u a t i o n  

~x ~x 
( 3 . 1 9 )  

T h i s  p r e s s u r e  g r a d i e n t  i m p o s e s  a n  u n w a n t e d  d r a g  f o r c e  
on  t h e  m o d e l  w h i c h  i s  g i v e n  by  

(ACD)s = ~p A = 2A ~c 
~x  I P ~ C  c ~ z  

(3.2o) 

10 
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The i n t e r f e r e n c e  d r a g  i m p o s e d  by t h e  s o l i d - b l o c k a g e  
v e l o c i t y  g r a d i e n t  Es t h u s  g i v e n  by  

I ' ° s )  [ - -  1 
c l ~  P 24e ~ h s c ~ ( x / 2 6 h )  p 

w h e r e  t h e  v a l u e  o f  t h e  t e r k  i n . t h e ~ b ~ a ~ e ~ s  c a n . b e  @bta~m~d 
f r o m  F i g .  3 . 5 .  

(3.21) 

3.2 WAKE BLOCKAGE 

The p r e s e n c e  o f  t h e  wake  d o w n s t r e a m  o f  t h e  m o d e l  g i v e s  
r i s e  t o  two c o n s t r a i n t  e f f e c t s  when  t h e  t u n n e l  w a l l s  a r e  s o l i d .  
One i s  an  l n c r e m e n ~  £n  t h e  l o n g i t u d i n a l  s t r e a n  V e l o c i t y ,  
t h e  o t h e r  i s  t h e  h o r i z o n t a l  b u o y a n c y  a s s o c i a t e d  w i t h  t h e  l o n g i -  
t u d i n a l  v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  p o s i t i o n .  In  t h e  o p e n -  
J e t  t u n n e l ,  t h e  f i r s t  e f f e c t  ( b u t  n o t  t h e  s e c o n d )  i s  u s u a l l y  
t a k e n  t o  be  z e r o ,  b e c a u s e  t h e  b o u n d a r i e s  o f  t h e  J e t  c a n  be  
d i s p l a c e d  away f r o m  t h e  t u n n e l  a x i s  i n  o r d e r  t o  c o m p e n s a t e  f o r  
t h e  l o w - v e l o c i t y  a i r  i n  t h e  m o d e l  w a k e .  T h e r e  i s  t h e n  no n e e d  
t o  i n c r e a s e  t h e  s t r e a m  v e l o c i t y  i n  t h e  f l o w  o u t s i d e  t h e  wake i n  
o r d e r  t o  m a i n t a i n  t h e  same m a s s  f l o w  u p s t r e a m  a n d  d o w n s t r e a m  o f  
t h e  m o d e l .  S i m i l a r  c o n s i d e r a t i o n s  w o ~ l d  a p p l y  t o  t h e  s l o t t e d  
t u n n e l .  

The m o d e l  wake  i s  r e p r e s e n t e d  by  a t w o - d i m e n s i o n a l  
s o u r c e ,  t h e  p o t e n t i a l  o f  w h i c h  i s  g i v e n  by  

m 8" z '  )~ ~m = ~ I n  (x  8 + 
m s  

The s o u r c e  s t r e n g t h  m i s  r e l a t e d  t o  t h e  d r a g  o f  a m o d e l  by  
t h e  f o r m u l a  

(3.2=) 

D 1 
m . . . .  U C D C  

pU 2 

I n  R e f .  2 t h e  i n t e r f e r e n c e  p o t e n t i a l  i s  ~ i v ~ z , ~ s  

( 3 . 2 3 )  

- : o :  °°'h I :  "'n(: ( 3 . 2 4 )  

11 
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The interference velocity i s  ~ U t ~ n e ~ t a s  

m I ICc°'hCqzl (,x) Uw = 2~B'h-- "f: ~A V s i n  ~ dq 

B ID q z  q x  . ~  
+ R .~: ~A c ° s h  ( V )  c ° s  (B-h)  d ? (3.26) 

The l o n g i t u d i n a l  v e l o c i t y  g r a d i e n t  i s  

U w 

~x 

_. (,..) ,.x) 
~e"h'  ~ co,h h cos l~ q dq 

{ql (qxl ql -- cosh  -- s i n  q d ( 3 . 2 6 )  
-- R "o ~ A h 

At x = z = 0 t he  i n t e r f e r e n c e  v e l o c i t y  and t h e  
v e l o c i t y  g r a d i e n t  r e d u c e  to  

_ - m B f m  ID 
u w - -  dq 

~.~B 8 h R o I A 

and 

Uw m , , o  Ic  
- - =  J - -  q dq 
~x 2rrB s h s o I A 

(3 .2s )  

(3.2e) 

or in terms of I B = 2 I C as 

~Uw m ~m| IB 
- - -  q dq  

~x 4~BSh s o I A 
(3.2e) 

The l n t e g r a l  in  Eq. ( 3 . 2 9 )  I s  i d e n t i c a l  t o  t h a t  In  Zq. ( 3 . 6 )  
t h u s  p r o v i d i n g  a d i r e c t  c o r r e s p o n d e n c e  be tween  the  s o l l d -  
b l o c k a g e  c o r r e c t i o n  and the  c o r r e c t i o n  due to  t h e  wake v e l o c l t y  
g r a d i e n t .  

12 
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3.2.1CIosedTunnol 

F o r  t h e  c l o s e d  t u n n e l ,  t h e  i n t e r f e r e n c e  v e l o c i t y  a t  t h e  
p o s i t i o n  o f  t h e  m o d e l ,  x = z = 0 ,  i s  g i v e n  by  Eq.  ( 3 . 2 ~ )  a s  
z e r o .  F i r  u p s t r e a m ,  h o w e v e r ,  t h e  i n t e r f e r e n c e  v e l o c l t y  i s  e q u a l  
t o  -m /4BSh .  Thus  t h e  f l o w  a t  t h e  m o d e l  h a s  a n  i n t e r f e r e n c e  
v e l o c i t y  r e l a t i v e  t o  t h e  f l o w  f a r  u p s t r e a m  g i v e n  by  

u w CDC 

(Cw)c U 8Bah 
( 3 . 3 0 )  

The v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  due  t o  t h e  wake  i s  f r o m  
Eq.  ( 3 ~ )  g i v e n  by 

1 ~Cw I ~ CDC 
t ~ x  48BSh = 

C 

( 3 . 3 1 )  

3.2.2 OpenJet 

For  t h e  o p e n  t u n n e l ,  t h e  i n t e r f e r e n c e  v e l o c i t y ,  
i s  z e r o  b o t h  a t  t h e  m o d e l  a n d  f a r  u p s t r e a m .  T h e r e f o r e  

(Cw)o = 0 

The v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  i s  

( 3 . 3 2 )  

b o w )  _ w CDC 

x 96B 3 h g 
O 

3.2.3 Slotted Wall Tunnel 

( 3 . 3 a )  

F o r  an  i d e a l  s l o t t e d  w a l l  t u n n e l ,  B/R = 0 ,  t h e  i n t e r -  
f e r e n c e  v e l o c i t y ,  ¢wU, a s  o b t a i n e d  f rom Bq. ( 3 . 2 5 )  i s  z e r o  
b o t h  a t  t h e  m o d e l  and  f a r  u p s t r e a m .  

The v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  p o s i t i o n  i s  o b t a i n e d  
f r o m  Eq.  ( 3 . 2 9 )  f o r  8 / R  = 0 a n d  i s  g i v e n  by  

(~¢w ~= (1 Fq)e -q ;;_)= c: 
4TTSSh s 0 c o s h  q + Fq s i n h  q 

q dq ( 3 . 3 4 )  

13 
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o r  i n  an  e q u i v a l e n t  fo rm 

~ ¢ w l .  CDC .j,=' 1 -  (Fq)  m + ( 1 -  F .q )me ' sq  

o ( c o s h  q + Fq s l n h  q)S 
q dq (3.36) 

The i n t e g r a l  i n  Eq.  ( 3 . 3 6 )  i s  t h e  same a s  t h a t  i n  Eq. ( 3 . 1 3 ) .  
The w a k e - b l o c k a g e  g r a d i e n t  c a n  t h e r e f o r e  be  i d e n t i f i e d  w i t h  t h e  
s o l i d - b l o c k a g e  f a c t o r .  By c o m b i n i n g  Eqs .  ( 3 . 1 3 )  a n d  ( 3 . 3 5 ) '  

~cwl'Tr CDC s "I~¢w 

C 

(3.38) 

w h i c h  becomes ,  z e r o  when ( fl ) v a n i s h e s .  H e n c e ,  i n  an  i d e a l  
s l o t t e d  t u n n e l ,  t h e  w a k e - b l ~ c ~ a g e  g r a d i e n t  o r  b u o y a n c y  c o r r e c t i o n  
18 e l i m i n a t e d  i f  z e r o  s o l i d - b l o c k a g e  c o n d i t i o n s  a r e  p r e s e n t .  I f  
t h i s  i s  n o t  t h e  c a s e ,  t h e  c o r r e c t i o n  t o  t h e  m e a s u r e d  d r a g  a s  
o b t a i n e d  f rom E q s .  ( 3 . 2 0 )  and  ( 3 . 3 6 )  i s  

2A (~Cw) 
. . . .  ( a s )  s - _ CD(Cs)c(~ s )s  ( ~ CD) wg c ~ x 

c 

( 3 ; 3 7 )  

w h e r e  (~c / ~ x ) _  i s  g i v e n  by Eq.  ( 3 . 3 1 )  a n d  t h e  v a l u e  o f  ( . f l s ) s  
c a n  be  o b ~ a i n e H  f r o m  F i g .  3 . 2 .  

3.2.4 Perforated Wall Tunnel 
r 

F o r  a p e r f o r a t e d  w a l l  t u n n e l ,  F = 02 t h e  i n t e r f e r e n c e  
v e l o c i t y  a~'-.th~../~o~i'tl-~d o'1'. t l ~ -  ac~kL~ : 2 ~ o m - ~ , b ~ & ; ~  ~ o m ~  

CD c m 
(¢w) = 8 f dq 

P 4~88h R o c o s h a q  + (B/R) 8 s i n h m q  
(3.38) 

o r  

CDC 8 
(¢w)p  " t a n  -x _ 

4~8 a h R 
(3.39) 

I n  t e r m s  o f  t h e  p a r a m e t e r  flw, Eq. ( 3 . 3 9 )  may be  w r i t t e n  

(eW)p _ 2 tan_Z 8 2v 
(flW)P " (¢W)c(x__O) 'u R " - "~- 

( 3 . 4 0 )  

q 

O 

14 
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m ~  The v a r i a t i o n  o f  (nw) p w i t h  Q i s  shown i n  F i g .  3 . 4 .  At z e r o  
s o l i d  b l o c k a g e ~  (~w)p i s  a b o u t  - 0 . 5 8 ;  f o r  Q < 0.44~ t h e  wake 
b l o c k a g e  would  t e n d  t o  c o u n t e r  t h e  s o l i d  b l o c k a g e .  

The v e l o c i t y  g r a d i e n t  a t  t h e  model  p o s i t i o n  f rom 
Eq. ( 3 . 2 9 )  w i t h  F = 0 i s  g i v e n  by 

W 
! ~Wl ~ ~ CDC S ~cosh q ~ (~JR)~ s inh q] elq 

bx P 4~j3ShS o c ° s h S q  + ( B/R)8 s l n h S q  
q dq ( 3 . 4 1 )  

The i n t e g r a n d  i n  Eq. ( 3 . 4 1 )  i s  t h e  same a s  t h a t  i n  Eq. ( 3 . 1 6 )  
and t h e  g r a d i e n t  due  t o  t h e  wake b l o c k a g e  w i l l  t h e r e f o r e  be  
z e r o  f o r  t h e  same v a l u e  o f  Q as  t h a t  f o r  wh ich  t h e  s o l i d  
b l o c k a g e  i s  z e r o .  I n  g e n e r a l ,  t h e  v e l o c i t y  g r a d i e n t  and  t h e  
c o r r e s p o n d i n g  d r a g  c o r r e c t i o n  a r e  g i v e n  by 

0oo 
~)x P p c 

and  

(Z~CD)wg = _ C D ( ¢ S ) c  (f lS)p 

w h e r e  t h e  v a l u e  o f  (flS)p c a n  be o b t a i n e d  f rom F i g .  3 . 4 .  

(3 .42 )  

(3 .43)  

41, 

m 

3.3 LIFTIHTERFERENCE 

The upwash c o r r e c t i o n  f o r  a t w o - d i m e n s i o n a l  wing  i s  
c a l c u l a t e d  u s i n g  a s i n g l e  bound v o r t e x  t o  r e p r e s e n t  t h e  m o d e l .  
The p o t e n t i a l  o f  t h e  v o r t e x  i n  f r e e  a i r  i s  g i v e n  by 

F Sz 
~m = - - -  t an+l  

2 .  x 

The c i r c u l a t i o n ,  I ' ,  a b o u t  t h e  wing  i s  r e l a t e d  t o  t h e  mode l  
l i f t  p e r  u n i t  w i d t h  by t h e  r e l a t i o n s h i p  

L -  p U F .  l p  Us CL c 
2 

(3 .4S)  

(3 .46 )  
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In Ref .  2 the  i n t e r f e r e n c e  p o t e n t i a l  f o r  t h i s  ca se  has  
been de t e rmined  as  

mi " s l n h  cos - -  

* T  IG q= 
o :-F s lnh  { hq~z) s i n  I ~ )  

From Eq. ( 3 . 4 6 ) ,  the  i n t e r f e r e n c e  v e l o c i t y  in  the  f r e e - s t r e a m  
d i r e c t i o n  i s  seen to be z e r o .  

The upwash v e l o c i t y  i s  

, . _ _ °  oo.,  I _  °o. 

+ .r" I-~G c°Sh(hq--z'z ) s i n  (~-~-) d 
o I F 

dq 

The e t r eamwise  g r a d i e n t  of  the  upwash v e l o c i t y  or  t he  
s t r e a m l i n e  c u r v a t u r e  i s  o b t a i n e d  by d i f f e r e n t i a t i n g  Eq. (3 .47)  
wi th  r e s p e c t  to  the  f r e e - s t r e a m  d i r e c t i o n ,  x,  and i s  g iven  by 

() () cosh qz qx 
~x 2~Bh" ; o ~F ' ~ -  etm ~ q dq 

_ ~,, IG qz qx t o ~F cosh (~---) eo. (~---~-) q dq 

At x - z - O, the  upwash v e l o c i t y  and the  v e l o c i t y  
g r a d i e n t  r educe  to 

and 

B ~a IE 
W - J ~ dq 

~ h  R o I F 

(3.46) 

~ w  r ~m I G 
- - -  J - - q  d q  
~ x  2 ~ B h  j o I F 

( 3 .4u )  

( 3 . 4 8 )  

( 3 . 4 a )  

(3 .~,e) 

" 4  

4 
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F o r  a s m a l l  mode l ,  t h e  l i f t  i n t e r f e r e n c e  i n  a t w o -  
d i m e n s i o n a l  t u n n e l  i s  e x p r e s s e d  b y  t h e  f o l l o w i n g  p a r a m e t e r s .  
T h e  d i s t r i b u t i o n  o f  t h e  u p w a s h  v e l o c i t y ,  5 ,  a l o n g  t h e  t u n n e l  
a x i s  i s  e x p r e s s e d  a s  

2h w 
6 = 6 ( x )  = 

cC L U 

w h e r e  w i s  o b t a i n e d  f r o m  Eq.  ( 3 . 4 7 ) .  The  u p w a s h  i n t e r f e r e n c e  
a t  t h e  m o d e l  p o s i t i o n  (x  = z = O) i s  d e f i n e d  a s  

2h w 
8 - 

o cC L U 

w h e r e  w i s  g i v e n  b y  Eq.  ( 3 . 4 9 ) .  The  f i n a l  p a r a m e t e r  w h i c h  
d e n o t e s  t h e  s t r e a m l i n e  c u r v a t u r e  a t  t h e  m o d e l  p o s i t i o n  i s  g i v e n  
b y  

~ = ~8 _ 4 8h' I 1 ~__~w 1 

~ ( x / 2 p h )  cC L 

w h e r e  ~ w / ~ x  i s  o b t a i n e d  f r o m  Eq.  ( 3 . 5 0 ) .  

3.3.1 Closed Tunnel 

I n  a c l o s e d  t u n n e l  t h e  u p w a s h  b o t h  a t  t h e  m o d e l  a n d  
f a r  u p s t r e a m  i s  z e r o  g i v i n g  

5 = 0 
o 

The  c u r v a t u r e  o f  t h e  f l o w  a t  t h e  m o d e l  f r o m  Eq.  ( 3 . 5 0 )  i n  
t h e  c l o s e d  t u n n e l  i s  

~ x  96 Bh = 
c 

o r  i n  t e r m s  o f  t h e  i n t e r f e r e n c e  f a c t o r  6~ 

( 3 . 5 1 )  

( 3 . 5 2 )  

( s . s s )  

( 3 . 5 4 )  

( 3 . 5 5 )  

51 = ~ = 0 . 1 3 0 9  
2 4  

( 3 . 5 6 )  

17 
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3.3.2 Open J,bt 

F o r  a n  o p e n  J e t ,  t h e  u p w a s h  i s  z e r o  a t  t h e  p o s i t i o n  o f  
t h e  m o d e l  b u t  f a r  u p s t r e a m  t h e  u p w a s h  b e c o m e s  r / 4 h .  T h u s  
r e l a t i v e  t o  c o n d i t i o n s  f a r  u p s t r e a m ,  t h e  u p w a s h  a t  t h e  m o d e l  
i s  g i v e n  b y  

( - )  - 
o 8h 

( 3 . 5 7 ) -  

o r  

i 
I m m 

o 4 

The  c u r v a t u r e  a t  x - z - 0 i s  g i v e n  a s  

1 ~_ww ) ~ CLC 

0 

o r  

8L " - : - - - :  ~ 0 . 2 6 1 8  
1 2  

3.3.3 Slotted Wall Tunnel 

(3. ss) 

( 3 . 5 9 )  

(3.so) 

t o  
F o r  a s l o t t e d  w a l l  t u n n e l  (O /R  - 0 ) ,  Eq .  ( 3 . 4 7 )  r e d u c e s  

~ -  ( I  - Fq )  e - q . c o s h ( o j / h )  , s l n ( q x / P h ) ' d q  

w : - ~ h  o s l n h  q + F q ' c o s h  q 
(3.61) 

E q u a t i o n  ( 3 . 6 1 )  h a s  b e e n  e v a l u a t e d  a t  v a r i o u s  v a l u e s  o f  t h e  
s l o t  p a r a m e t e r  P t o  o b t a i n  t h e  d i s t r i b u t i o n  o f  t h e  u p w a s h  
v e l o c i t y  i n  t e r m s  o f  t h e  i n t e r f e r e n c e  f a c t o r  8 a l o n g  t h e  x -  
a x i s  o f  t h e  t u n n e l .  A t  x = z = 0 ,  E q .  ( 3 . 6 1 )  y i e l d s  z e r o  
u p w a s h .  H o w e v e r ,  f a r  u p s t r e a m  a n u p w a s h  e q u a l  t o  ~ / 4 h ( l + F )  
i s  o b t a i n e d .  The r e s u l t s  o b t a i n e d  f o r  8 i n  t h e  v i c i n i t y  o f  
t h e  m o d e l  a r e  t h e r e f o r e  p l o t t e d  i n  F i g .  3 . 6  r e l a t i v e  t o  t h e  
u p w a s h  t h a t  e x i s t s  f a r  u p s t r e a m .  The r e l a t i v e  v a l u e  o f  t h e  
u p w a s h  a t  t h e  i o d e l  p o s i t i o n  i n  t e r m s  o f  t h e  i n t e r f e r e n c e  
f a c t o r  c a n  b e  e x p r e s s e d  a s  

I P 
80 . . . .  

4 ( 1 + F )  4 
(3 .e~)  
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The s t r e a m l i n e  c u r v a t u r e  a t  x = z = 0 f r o m  
Eq .  (3 . f lO)  k e e ~  

~Ph:'U 
p -  (1  - Fq)  q ~ q 
J 

o s i n h  q + Fq c o s h  q 
dq  

o r  i n  t e r m s  o f  t h e  i n t e r f e r e n c e  f a c t o r  

1 r "  (1 - Fq)  q e - q  
6 1  = - - -  dq 

o s i n h  q + Fq c o s h  q 

(3.63) 

( 3 . 6 1 )  

V a l u e s  o f  t h e  i n t e r f e r e n c e  f a c t o r s  50 a n d  51 a r e  
p r e s e n t e d  i n  F i g .  3 . 7  i n  t e r m s  o f  t h e  s l o t  p a r a m e t e r  P .  Z e r o  
s t r e a m l i n e  c u r v a t u r e  o c c u r s  when  P - 0 . 3 9  o r  F = 1 . 5 9 .  The 
v a l u e s  o f  5o a n d  81 a t  P = 0 . 4 5  w h e r e  t h e  s o l i d  b l o c k a g e  i s  z e r o  
a r e  - 0 . 1 1  a n d  - 0 . 0 2 ,  r e s p e c t i v e l y .  

3.3.4 Perferuted Well Tunnel 

Q 

I n  t h e  c a s e  o f  a p e r f o r a t e d  w a l l  t u n n e l  ( ~  = 0)  
Eq .  ( 3 . 4 ~ )  r e d u c e s  t o  

= l ~ ~ 6  ~ -  c o s h  ( q z / h )  c o s ( q x / B h )  dq  ( 3 . 6 5 )  

w - LR o . i n h ' q  + (elR)' osh' q 

qx d q }  ~ "  [ s i n h  q -  (,/ll,'<,osh cosh t Jsin (77 ! 
+ " o  s i n h l q  + ( l l R ) i c o s h S q  { h  

The r e s u l t s  o f  a n  e v a l u a t i o n  o f  t h e  u p w a s h  v e l o c i t y  i n  t e r m s  
o f  6 f o r  v a r i o u s  v a l u e s  o f  t h e  p o r o s i t y  p a r a m e t e r  Q a r e  s h o w n  
i n  F i g .  3 . 8 .  I n  t h i s  c a s e ,  t h e  u p w a s h  f a r  u p s t r e a m  i s  z e r o  
s o  t h a t  t h e  t o t a l  u p w a s h  i s  t h a t  o b t a i n e d  d i r e c t l y  f r o m  Eq.  
( 3 . 6 5 ) .  A t  z = z i 0 t h e  i n t e r f e r e n c e  f a c t o r  i s  g i v e n  b y  

6 = I c o O L  ~ . _ 
o 2~ R 2~ 

(3 .m) 

The c u r v a t u r e  o f  t h e  f l o w  a t  x = z = 0 f r o m  Z q .  ( 3 . 8 9 )  i s  

U ~ x J  ~ B h s U  o 
P 

[ s i n h  q - ( B / R ) S c o s h  q ] e  " q  q dq  

~einh e q + ( P / R )  a c o s h  s q 
(3 .~.) 
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B r e s c i a  ( R e f .  9 _ )  u s e d .  a d i f f e r e n t  a / m l y t i c a l  a p p r o a c h  
~ o  o b t a i n  t h e , i n t e r f e r e n c e  f a ~ t o ~  i n  a f o r m  s i l o i l a r  t o  E q .  ( 3 . 1 7 )  
a s  

- - - -  - -  ( 3 . 6 8 )  
12 ~ 

w h e r e  ~ ffi t a n  "1  ( B / R ) .  T h e  s t r e a m l i n e  c u r v a t u r e  w i l l  t h u s  b e  
z e r o  a t  a v a l u e  o f  B / R  = 0 . 7 8  w h i c h  i s  t h e  r e c i p r o c a l  o f  t h e  
v a l u e  a t  w h i c h  t h e  s o l i d  b l o c k a g e  i s  z e r o .  V a l u e s  o f  t h e  
i n t e r f e r e n c e  f a c t o r s  a r e  p r e s e n t e d  i n  F i g .  3 . 9 .  F o r  a t u n n e l  
d e s i g n e d  f o r  z e r o  s o l i d  b l o c k a g e  (Q = 0 . 4 4 ) ,  t h e  l i f t  
i n t e r f e r e n c e  i s  0 . 4 2  o f  t h a t  i n  a n  o p e n  t u n n e l  a n d  t h e  s t r e a m -  
l i n e  c u r v a t u r e  i s  0 . 4 6  o f  t h a t  i n  a c l o s e d  t u n n e l .  

SECTIONIV 
INTERFERENCEIN A CIRCULAR TUNNEL 

In a manner similar to the two-dimensional tunnel, 
the model blockage, model wake, and lift of the wing will 
be represented by simple singularitles. A three-dlmensional 
doublet will be used to represent the model blockage, a three- 
dimensional source to represent the wake, and a horseshoe vortex 
to represent the wing lift. In all cases the singularity is 
placed at the center of the tunnel and the x-axis is taken 
positive downstream along the centerline of the tunnel as 
shown in Fig. 2.1b. 

4.! SOLID BLOCKAGE 

T h e  p o t e n t i a l  f o r  a t h r e e - d i m e n s i o n a l  d o u b l e t  a t  t h e  
o r i g i n  i n  c y l i n d r i c a l  c o o r d i n a t e s  i s  e x p r e s s e d  by 

d x 
~ m  = - -  d ~  ( 4 . 1 )  

4 ~  ( x  ~ + 8 3 r 2 ) ' -  

T h e  s t r e n g t h  o f  t h e  d o u b l e t ,  d ,  i s  r e l a t e d  t o  t h e  m o d e l  
s i z e  b y  t h e  r e l a t i o n s h i p  

d = UV ( 4 . 2 )  

w h e r e  V i s  t h e  v o l u m e  o f  t h e  m o d e l . .  
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Fourier integral expressions may again be used to 
deduce the perturbation velocity and hence the solid- 
blockage factor. In Ref. I, the solution is given as 

~ i  == -- d fR ~ ! IH qr 2nZ~Zr o. ~ I°1 r=) c°s (q-~-x } q dq~r ° 

f 

+ IK sin( qx q t  i ( 4 . 3 )  

where r is the radius of the tunnel tes t  section. O 
The interference velocity (noting that I H = l/q) 

is given by 

Us = d {~_ ~ :  ~.,i io ( ~ IsinlqX ! q dq 
2 ~  ~8 ro R m s r ° /@rol 

O0 

.r 
o IM 

I° ( q"~'r c°s(q-'~x qt  ro ) } qzd 8 r o 
(4.4) 

The longitudinal velocity gradient becomes 

~Us d 

~x 2 ~  ~" r o 

O0 

+ ~ IK 
o IM 

IR~o 1---I M I° ( g r ) c ° s  lqx ) q S d q r ~  ~ o  

io(qr (qx dq ~ r~ ) s in  ~ro--) q3 (4.5) 

At x -- r -- O, the equations for the interference velocity 
and the velocity gradient reduce to 

GO 

d .~ I_~K q~dq 
u s = -  2~z~ a 0 IM roZ 

(4.6) 
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and  

qS dq  ( 4 . 7 )  

4.1.1 Closed Tunnel 

F o r  a c l o s e d  w a l l  t u n n e l  w i t h  F ~ oo o r  B/R ~ ®, 
Eq. ( 4 . 6 )  y 4 e l d s  

- 1 2 V  = 0 1 2 1  V (es)  c • 
~ ~s rob ~8 ro s 

(4 .8 )  

an d  f r o m  ~.q. ( 4 . 7 )  

- -  0 
l ~ x  I C 

( 4 . 9 )  

4.1.2 Open Jot 

F o r  an  o p e n  j e t  w i t h  b o t h  F = 0 and  B / R  = O, 
Eq. ( 4 . 6 )  g i v e s  

( e s ) o  = -  0 . 3 2 4 V  = - 0 . 0 3 3  V 
~ B s rob ~s r o  

(4.10) 

and  f r o m  Eq.  ( 4 . 7 )  

( ~¢s  I 

o 
( 4 . 1 1 )  

22 



AE DC-TR-69.47 

4.1.3 Slotted Wall Tunnel 

For  an  i d e a l  s l o t t e d  w a l l  t u n n e l  Eq. ( 4 . 6 )  r e d u c e s  t o  

(ms) s - - V f Ko(q)  - qF .I~ (q)  qg dq ( 4 . 1 2 )  

o I (q)  + qF 11 (q)  2 ~  ~$ ro$ o 

I n  t e r m s  o f  t h e  b l o c k a g e - f a c t o r  r a t i o  

(GS)s = 1 ~ K ( q )  - qF K~ (q) q8 dq (4.13) 
2 . 4  o 

I o ( q )  + qF I~ (q) 

The  v a r i a t i o n  o f  ( G s ) s  w i t h  t h e  s l o t  g e o m e t r y  p a r a m e t e r ,  
P ,  i s  shown i n  F i g .  4 . 1  f o r  t h e  i d e a l  s l o t t e d  t u n n e l .  Z e r o  
b l o c k a g e  i n  t h e  i d e a l  s l o t t e d  t u n n e l  o c c u r s  when t h e  a b s c i s s a  
P = 0 . 6 4 ,  i . e . ,  when F = 0 . 5 7 .  The v a r i a t i o n  o f  t h e  o p e n - a r e a  
r a t i o  w i t h  t h e  number  o f  s l o t s  t o  g i v e  z e r o  b l o c k a g e  i n  a n  
i d e a l  t u n n e l  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  t a b l e .  

N 2 4 6 8 12 

I 0 0  {a~ 3 8 . 3  2 0 . 7  I I . 6  6 . 5  2 . 1  

The l o n g i t u d i n a l  p r e s s u r e  g r a d i e n t  a l o n g  t h e  m o d e l  
due t o  s o l i d  b l o c k a g e  i s  z e r o  f o r  s l o t t e d  w a l l s .  

4.1.4 Perforated Wall Tunnel 

The s o l i d - b l o c k a g e  i n t e r f e r e n c e  i n  a ~ e r f o r a t e d  
t u n n e l  i s  o b t a i n e d  f rom Eqs .  ( 4 . 6 )  and  ( 4 . 7 ) .  At t h e  
m o d e l  p o s i t i o n ,  t h e  b l o c k a g e - f a c t o r  r a t i o  becomes  

(~lS)p _ 1 .~ Ko(q)  I o ( q )  - ( 8 / R )  a K (q)  I x (q )  

2 . 4  o [I o ( q ) ] "  + [ ( 8 / R )  I x ( q ) ]  " 

qa dq 

(4.14) 
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The variation of (fiS)p with B/~ is shown in Fig. 4.2. Zero 
solid blockage occurs for Q = .45 or 8/R = 1.22. 

The velocity gradient at the model position is given by 

~flS 1 _ 

P 

• ~ qS 

1 i d, 2 4 Br O ~ [i O(q) ] '  
" + ( 8 / R )  I z ( q ) ]  a ( 4 . 1 5 )  

and  i s  s h o w n  p l o t t e d  v e r s u s  Q i n  F i g .  4 . 3 .  

From an  a n a l y s i s  s i m i l a r  t o  t h a t  l e a d i n g  t o  Eq.  ( 3 . 2 1 ) ,  
t h e  i n t e r f e r e n c e  d r a g  i m p o s e d  on  t h e  m o d e l  by t h i s  v e l o c i t y  
g r a d i e n t  is 

(Ac D) 
sg 

 v(es  l v[ 0s 1 . . . . .  ( 4 . 1 6 )  
~x P ~'B~ro4S ~ ( x / 2 8 r  o)  P 

w h e r e  t h e  v a l u e  o f  t h e  t e r m  i n  t h e  b r a c k e t s  c a n  be  o b t a i n e d  
f r o m  F i g .  4 . 3 .  

4.2 WAKE BLOCKAGE 

The w a k e - b l o c k a g e  e f f e c t s  o f  a s m a l l  t h r e e - d i m e n s i o n a l  
m o d e l  i n  a c i r c u l a r  t u n n e l  a r e  d i s c u s s e d  i n  R e f .  2 ,  w h e r e  t h e  
wake  i s  r e p r e s e f i t e d  by a t h r e e - d i m e n s i o n a l  p o i n t  s o u r c e .  The  
p o t e n t i a l  o f  t h e  s o u r c e  i n  u n r e s t r i c t e d  f l o w  i s  g i v e n  by 

¢Pm = 

m 

4= (x* + S'r')~ 
(4.17) 

The strength of the source is related to the model drag 
by t h e  e x p r e s s i o n  

D. I 
m . . . .  U CDS. 

0U 2 
(4 .1s )  
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The i n t e r f e r e n c e  p o t e n t i a l  i s  given in Ref. 2 as 

~i = 2~Z~ro ~M I° --IcoslqXro ~ r o )  dq 

IH qx ql  
-~R ~ ~M °~ro ~ro 

(4.19) 

The ax ia l  i n t e r f e r e n c e  ve loc i ty ,  again not ing  tha t  
I H = l/q,  i s  

I rl C U w . . . .  q ------ I O s in  dq 
r o ~ r o 

+ 
o o  

R f 
o 

1 Xo __ ) 
IM ( qr u r~ ) c ° s (  qx 

r o 
(4.20) 

The velocity gradient in the ax ia l  direction is 

u w 
bx 2 ~ 3 r o 8  ~M I° / q r  - -  r=) c°slqX ! q' 

~ro/ 
dq 

¢ 0  

~ f R o 
Olro) sinI~ l~ro 

(4.21) 
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At t h e  p o s i t i o n  o f  t h e  s o u r c e ,  x ffi r ffi 0 ,  t h e  V e l o c i t y  
and  v e l o c i t y  g r a d i e n t  become,  r e s p e c t i v e l y  

O0 

- m  8 o~d  q U w ---- _ _  

2~  0 2 ro2 R I M 

(4.22) 

and  

CO 

5Uw . - m ~ __IK 
3 

~ x  2 ~ s  r o  o IM 

q2 dq ( 4 . 2 3 )  

The i n t e g r a l  i n  Eq.  ( 4 . 2 3 )  i s  t h e  same a s  t h a t  i n  
Eq.  ( 4 . 6 )  f o r  t h e  s o l i d - b l o c k a g e  i n t e r f e r e n c e  v e l o c i t y .  
Thus  i f  t h e  v e l o c i t y  i n t e r f e r e n c e  a t  t h e  m o d e l  due  t o  
s o l i d  b l o c k a g e  i s  z e r o  , t h e  v e l o c i t y  g r a d i e n t  a t  t h e  
m o d e l  due  t o  wake b l o c k a g e  i s  a l s o  z e r o .  

4.2.1 Closed Tunnel 

In  a c l o s e d  t u n n e l  Eq. ( 4 . 2 2 )  g i v e s  z e r o  i n t e r f e r e n c e  
v e l o c i t y  a t  t h e  p o s i t i o n  o f  t h e  s o u r c e .  H o w e v e r ,  a t  a p o s i t i o n  
f a r  u p s t r e a m  Eq. ( 4 . 2 0 )  g i v e s  a n  i n t e r f e r e n c e  v e l o c i t y  o f  
- m / 2 ~ R Z r o ~ .  Thus  t h e  i n t e r f e r e n c e  v e l o c i t y  a t  t h e  m o d e l  

r e l a t i v e  t o  t h e  f r e e  s t r e a m  i s  g i v e n  a s  

(ew) c = CDS ( 4 . 2 4 )  

4~Rar  
0 

The v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  due  t o  t h e  wake i s  
f rom Eq. ( 4 . 2 3 )  g i v e n  by 

" o .  %s 
(4.25) 
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4.2.2 Open Jet 

I n  an  o p e n  j e t ,  t h e  i n t e r f e r e n c e  v e l o c i t y  i s  z e r o  a t  
b o t h  t h e  s o u r c e  and  f a r  u p s t r e a m  g i v i n g  

(¢w) = 0 
O 

The v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  i s  

( 4 . 2 6 )  

( ~Cwl = - 0 . 1 6  CDS 

~-~- / o Ta 8 a roa 
( 4 . 2 7 )  

o 

t ,  

4.2.3 Slotted Wall Tunnel 

I n  an  i d e a l  s l o t t e d  t u n n e l ,  a s  i n  an  o p e n  j e t ,  t h e  
i n t e r f e r e n c e  v e l o c i t y  f r o m  E q s .  ( 4 . 2 0 )  and  ( 4 . 2 2 )  i s  f o u n d  t o  
be  z e r o  b o t h  f a r  u p s t r e a m  a n d  a t  t h e  m o d e l  p o s i t i o n .  

The v e l o c i t y  g r a d i e n t  d u e  t o  wake  b l o c k a g e  i s  g i v e n  
by 

CO 

roa  " I o ( q )  + qF I~ (q)  ~x I s 4TaB s r 
0 

( 4 . 2 8 )  

The i n t e g r a l  i n  Eq.  ( 4 . 2 8 )  i s  i d e n t i c a l  t o  t h a t  i n  Eq.  ( 4 . 1 3 ) .  
An e x p r e s s i o n  f o r  t h e  v e l o c i t y  g r a d i e n t  d u e  t o  wake b l o c k a g e  
c a n  t h e r e f o r e  be  o b t a i n e d  by c o m b i n i n g  E q s .  ( 4 . 1 3 )  and  ( 4 . 2 8 )  
w h i c h  g i v e s  

( 0"6  CDS (bOw) 
~ewl lr" a 8 ( ~ S ) s  ~x . . . .  (ns)  s 
~x I s 8 r o c 

( 4 . 2 9 )  

From Eq.  ( 4 . 2 9 ) ,  i t  f o l l o w s  t h a t  when t h e  s o l i d - b l o c k a g e  f a c t o r  
i s  z e r o ,  t h e n  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  d u e  t o  t h e  wake  
w i l l  a l s o  be  z e r o .  When z e r o  s o l i d  b l o c k a g e  i s  n o t  o b t a i n e d ,  
t h e  b u o y a n c y  c o r r e c t i o n  t o  t h e  m e a s u r e d  d r a g  i s  g i v e n  by 
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(&C D) ffi _ CD(¢S) c (flS)s 
wg 

( 4 . 3 0 )  

whe re  ( ¢ s ) c  i s  g i v e n  by Eq. ( 4 . 8 )  and  t h e  v a l u e  o f  ( f lS)s  c a n  be 
o b t a i n e d  fPom F i g .  4. 1_ 

4.2.4 Perforated Wall Tunnel 

For  a p e r f o r a t e d  w a l l  t u n n e l ,  t h e  w a k e - b l o c k a g e  r a t i o  
a t  t h e  mode l  p o s i t i o n  i s  o b t a i n e d  f rom Eq. ( 4 . 2 2 )  a s  

CO 

(nw) _ I S ,r 
p ~ R  

dq 

o [Io(q)]' +. 
(S/R) I2 (q)] 8 

( 4 . 3 1 )  

A c u r v e  o f  (f lw)- v e r s u s  Q i s  shown i n  F i g .  4 . 2 ;  (flw)u o n l y  
v a n i s h e s  f o r  a n V o p e n - j e t  t u n n e l  (Q ffi 1 ) ,  and  no p e r f b r a t e d  
w a l l  g e o m e t r y  w i l l  remove t h e  w a k e - b l o c k a g e  e f f e c t .  Fo r  a 
t u n n e l  d e s i g n e d  t o  have  z e r o  s o l i d  b l o c k a g e ,  (flW)p ffi - 0 . 4 4 .  

From Eq. ( 4 . 2 3 ) ,  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  mode l  
p o s i t i o n  i s  g i v e n  by 

~¢W) CDS ,~ Xo(q) Io(q) - (8/R)m Xi(q) Ix (q) qa 
- -  " -  - - -  ]~  [ ] ' "  ° q  
~x P 4#  Bar°a o [Io(q) + (8/R) Ix(q) 

(4.32) 

S i n c e  t h e  i n t e g r a l  i n  Eq. ( 4 . 3 2 )  i s  t h e  same a s  i n  
Eq. ( 4 . 1 4 ) ,  t h e  v e l o c i t y  g r a d i e n t  due  t o  wake b l o c k a g e  c a n  be  
r e l a t e d  t o  t h e  s o l i d  b l o c k a g e  by c o m b i n i n g  Eqs .  ( 4 . 1 4 )  and  
( 4 . 3 2 )  and  o b t a i n i n g  

p O C 
P 

(4.33) 
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as  i n  t h e  s l o t t e d  w a l l  c a s e .  For  z e r o  s o l i d  b l o c k a g e ,  t h e  
g r a d i e n t  i s  e q u a l  t o  z e r o .  Fo r  o t h e r  v a l u e s  o f ( f l  ~ p ,  t h e  

b o u y a n c y  c o r r e c t i o n  t o  t h e  m e a s u r e d  d r a g  i s  g i v e n  by 

(ACD)wg - _ C D ( e s )  c ( ~ s ) p  
( 4 . 3 4 )  

w h e r e  t h e  v a l u e  o f  ( f l  ) c a n  be o b t a i n e d  f r o m  F i g .  4 . 2 .  
s P  

4.3 LIFT INTERFERENCE 

The u p w a s h  c o r r e c t i o n s  f o r  a t h r e e - d i m e n s i o n a l  w i n g  
a r e  c a l c u l a t e d  u s i n g  a h o r s e s h o e  v o r t e x  t o  r e p r e s e n t  t h e  
w i n g .  The p o t e n t i a l  o f  t h e  w i n g  w i t h  t h e  c i r c u l a t i o n  F a t  
t h e  o r i g i n  i s  g i v e n  by 

m [  x ] s i n n  Fs  1 + 
~m = 2~ (x  z + 8 ~ r  z ) ~  r 

( 4 . 3 5 )  

T h e s e  e q u a t i o n s  r e p r e s e n t  t h e  p o t e n t i a l  o f  a h o r s e s h o e  v o r t e x  
h a v i n g  i n f i n i t e s i m a l  s p a n .  The f a c t  t h a t  t h e  a c t u a l  s p a n  i s  
f i n i t e  i n t r o d u c e s  h i g h e r - o r d e r  t e r m s  w h i c h  a r e  n e g l i g i b l e  a t  
d i s t a n c e s  l a r g e  c o m p a r e d  t o  t h e  s i z e  o f  t h e  m o d e l .  The v a l u e  
Fe i s  r e l a t e d  t o  t h e  l i f t  o f  t h e  m o d e l  by  t h e  e q u a t i o n  

L ffi 2pUFs = CLPU~S/2 

I n  R e f .  1, t h e  i n t e r f e r e n c e  p o t e n t i a l  i s  g i v e n  as  

C 
~0 i = ~s  ~ . r  s i n  8 

~ r °  L r° 

- - - -  11 s i n  8 dq 
' B r  o R ,~ o I N o -  ' 

- -- ~N  I z " r o  ~ r o  Tr O 

( 4 . 3 6 )  

( 4 . 3 7 )  
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The u p w a s h  v e l o c i t ~  a t  r = 0 ( n o t i n g  t h a t  I H = l / q )  
i s  o b t a i n e d  a s  

W I " (:ro) 
r ' s  8 I .~ i qx  

- -- ~ c o s  q9 d q  
2 ~ r  o R ~ o IN 

I° (qx) t _ ~ m s i n  ~ q dq 
1 ~ :  IN Bro  

( 4 . 3 8 )  

The s t r e a m l i n e  c u r v a t u r e  a t  r = 0 i s  g i v e n  b y  

~ W  
m 

~x 2~S rob ~ o ~ r o  

o 

- ~ "  "~N ~ r o  

At x = 0 E q s .  ( 4 . 3 8 )  a n d  ( 4 . 3 9 )  r e d u c e  t o  

W ---- { q} F s  i - ~- 1 ; I__ q~ d 

2 ~ r J  R ~ o IN 

( 4 . 3 9 )  

( 4 . 4 0 )  

and  

~w - Fs  ~ IQ 
= - -  q~dq  ( 4 . 4 1 )  

~ x  21s8  roa  .~ I N 
O 

F o r  a s m a l l  m o d e l ,  t h e  l i f t  i n t e r f e r e n c e  i n  a c i r -  
c u l a r  t u n n e l  i s  u s u a l l y  e x p r e s s e d  by  t h e  f a c t o r s  

8 - C w ( 4 . 4 2 )  
SC L U 
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a n d  

0 , .  2 .o0 
SC L U ~ x  

4.3.1 Closed Tunnel 

F o r  a c l o s e d  t u n n e l  Eq .  ( 4 . 4 0 )  y i e l d s  

( 4 . 4 3 )  

1 
8 m 

o 8 

The c u r v a t u r e  f r o m  Eq .  ( 4 . 4 1 )  i s  

( 4 . 4 4 )  

6 
1 

1 
m 

4 
( 4 . 4 5 )  

4.3.2 Open Jet 

F o r  a n  o p e n  j e t ,  t h e  l i f t  i n t e r f e r e n c e  f a c t o r  i s  

6 = - ~ ( 4 . 4 6 )  
o 8 

a n d  t h e  c u r v a t u r e  i s  

8 = - ~ ( 4 . 4 7 )  
z 5 

4.3.3 Slotted Wall Tunnel 

The d i s t r i b u t i o n  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r  a l o n g  
t h e  a x i s  o f  a c i r c u l a r  s l o t t e d  t u n n e l  a s  o b t a i n e d  f r o m  Eq .  
( 4 . 3 8 )  w i t h  B/R = 0 i s  s h o w n  i n  F i g .  4 . 4 .  S t a r t i n g  w i t h  
Eq .  ( 4 . 4 0 ) ,  a l l m i t i n g  p r o c e s s  i s  r e q u i r e d  t o  o b t a i n  t h e  
e q u a t i o n  f o r  t h e  u p w a s h  v e l o c i t y  a t  t h e  m o d e l  p o s i t i o n  w h i c h  
i s  g i v e n  a s  

W= o ÷ 1  

o r  a l t e r n a t e l y  i n  t e r m s  o f  t h e  I n t e r f e r e n c e  f a c t o r  a s  

( 4 . 4 8 )  
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( 4 . 4 9 )  

w h i c h  i s  p l o t t e d  a s  a s t r a i g h t  l i n e  v e r s u s  P i n  F i g .  4 . 5 .  

The c o n d i t i o n  f o r  z e r o  u p w a s h  i n t e r f e r e n c e  c o r r e s p o n d s  
t o  t h e  v a l u e  P = 0 . 5 ,  c o m p a r e d  w i t h  a v a l u e  o f  0 . 6 4  t o  e l i m i n a t e  
s o l i d - b l o c k a g e  e f f e c t s .  I t  i s  a p p a r e n t  t h e r e f o r e  t h a t  i t  i s  n o t  
p o s s i b l e  t o  e l i m i n a t e  b o t h  upwash  and  b l o c k a g e  i n t e r f e r e n c e  
s i m u l t a n e o u s l y  i n  a c i r c u l a r  s l o t t e d  t u n n e l .  At  P = 0 . 5 ,  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  t o t a l  number  o f  s l o t s  and  t h e  o p e n  a r e a  
r a t i o  i s  a s  f o l l o w s :  

N 2 4 6 8 12 

100 (~} 2 4 . 0  8 . 6  3 . 2  1 . 2  0 . 1 6  

I f  t h e  t u n n e l  i s  d e s i g n e d  f o r  t h e  z e r o - b l o c k a g e  c o n d i t i o n  5_ i s  
t h e n  - 0 . 0 3 4 ,  w h i c h  i s  o f  t h e  o p p o s i t e  s i g n  t o  t h e  c o r r e c t i o ~  i n  
a s o l i d - w a l l  t u n n e l  and  a b o u t  27 p e r c e n t  o f  i t s  m a g n i t u d e .  

The s t r e a m l i n e  c u r v a t u r e  f r o m  Eq.  ( 4 . 4 1 )  is o b t a i n e d  a s  

CO 

5 - 1 ~ (1 - F ) K  (q)  - q F K o ( q )  q '  dq 

x 4~ o (1 - F) I (q)  + q F I o ( q )  
( 4 . 5 0 )  

A p l o t  o f  t h i s  f a c t o r  i s  shown" i n  F i g .  4 . 5 .  

4.3.4 Perforated Wail Tunnel' 

The l i f t - i n t e r f e r e n c e  f a c t o r  a l o n g  t h e  a x i s  o f  a 
c i r c u l a r  p e r f o r a t e d  t u n n e l  a s  o b t a i n e d  f r o m  Eq.  ( 4 . 3 8 )  w i t h  
F = 0 i s  shown i n  F i g .  4 . 6 .  The u p w a s h  v e l o c i t y  a t  t h e  m o d e l  
p o s i t i o n  i s  o b t a i n e d  f r o m  Eq.  ( 4 . 4 0 )  a n d  i s  g i v e n  by 

r s 
W - -  

If_L/ 1 qa ] IrR -~p dq (4.51) 
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The c o r r e s p o n d i n g  i n t e r f e r e n c e  f a c t o r  i s  g i v e n  by 

8 0 -- I ,to q. dq (4 .52)  

The f l o w  c u r v a t u r e  a t  t h e  o r i g i n  i s  o b t a i n e d  f r o m  
Eq.  ( 4 . 4 1 )  a n d  i s  g i v e n  by 

5 = 1 .~a IR q' dq 
4~ o Ip 

(4.53)  

The v a r i a t i o n s  o f  t h e  i n t e r f e r e n c e  f a c t o r  5 a n d  o 
t h e  f l o w - c u r v a t u r e  f a c t o r  5x w i t h  t h e  p o r o s i t y  p a i a m e t e r ,  
Q, i s  shown i n  F i g .  4 . 7 .  Z e r o  l i f t  i n t e r f e r e n c e  a t  t h e  
m o d e l  p o s i t i o n  o c c u r s  when Q ffi 0 . 4 6  a s  c o m p a r e d  t o  a v a l u e  
o f  0 . 4 5  f o r  z e r o - b l o c k a g e  i n t e r f e r e n c e .  At z e r o - b l o c k a g e  
c o n d i t i o n s ,  t h e  s t r e a m l i n e  c u r v a t u r e  a t  t h e  m o d e l  p o s i t i o n  
i s  0 . 5 9  o f  i t s  v a l u e  i n  a c l o s e d  t u n n e l .  

SECTION V 
INTERFERENCE IN A RECTANGULAR TUNNEL 

The m a t e r i a l  p r e s e n t e d  i n  t h i s  s e c t i o n  e x t e n d s  t h e  
w o r k  p r e s e n t e d  i n  R e f s .  4 a n d  5 t o  c o v e r  a l l  o f  t h e  c a s e s  
o f  w a l l  i n t e r f e r e n c e  c o n s i d e r e d  i n  t h e  two p r e v i o u s  s e c t i o n s  
f o r  t w o - d i m e n s i o n a l  a n d  c i r c u l a r  t u n n e l s .  P r i o r  s t u d i e s  o f  
r e c t a n g u l a r  t u n n e l s  w i t h  v e n t i l a t e d  w a l l s  w e r e  s o m e w h a t  
l i m i t e d .  I n  R e f .  10 ,  T h e o d o r s @ n  c o n s i d e r e d  t h e  l i f t  i n t e r -  
f e r e n c e  i n  a r e c t a n g u l a r  t u n n e l  w i t h  o n e  s e t  o f  p a r a l l e l  w a l l s  
c o m p l e t e l ~  o p e n  w i t h  t h e  o p p o s i n g  s e t  c l o s e d .  D a v i s  a n d  Moore  
( R e f .  11) l a t e r  c o n s i d e r e d  b o t h  t h e  s o l i d  b l o c k a g e  a n d  l i f t  i n t e r -  
f e r e n c e  f o r  t h e  c a s e  w i t h  s o l i d  v e r t i c a l  w a l l s  a n d  s l o t t e d  h o r i -  
z o n t a l  w a l l s .  The w o r k  o f  D a v i s  a n d  M o o r e  on s o l i d  b l o c k a g e  was  
e x t e n d e d  by  Acum ( R e f .  12) t o  i n c l u d e  a w i d e r  r a n g e  o f  t u n n e l  
h e i g h t - t o - w i d t h  r a t i o s  a n d  on l i f t  i n t e r f e r e n c e s  by  H o l d e r  
( R e f s .  13 a n d  14) t o  i n c l u d e  w i n g s  o f  f i n i t e  s p a n  i n  b o t h  
s l o t t e d  a n d  p o r o u s  t u n n e l s  w i t h  s o l i d  v e r t i c a l  w a l l s .  

The f o l l o w i n g  r e s u l t s  a r e  o b t a i n e d  i n  a m a n n e r  s i m i l a r  
t o  t h a t  f o r  t h e  c i r c u l a r  t u n n e l .  The  s i n g u l a r i t i e s  a g a i n  a r e  
p l a c e d  a t  t h e  c e n t e r  o f  t h e  t u n n e l  a n d  t h e  c o o r d i n a t e  s y s t e m  
a s  shown i n  F i g .  2 . 1 c .  
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5.1 SOLID BLOCKAGE 

The p o t e n t i a l  fo r  the  t h r e e - d i m e n s i o n a l  d o u b l e t  used 
to o b t a i n  s o l i d - b l o c k a g e  c o r r e c t i o n  f a c t o r s  i s  e x p r e s s e d  in  
Eq. ( 4 . 1 ) .  A method u s i n g  F o u r i e r  ~ r a n s f o r m s . a n d  t h e  p o i n t -  
ma tch ing  t e c h n i q u e  i s  used to o b t a i n  the  p e r t u r b a t i o n  p o t e n t i a l  
which is e x p r e s s e d  by 

d I~:o,m~, 4 (qr) ( q x )  ~i = 2~SSabm B(q) I m ~-- cos me cos ~ q dq 

+ ,~: Am(q) I m ~-- cos me s i n  ~-~ q d 

Oj |p4 

where the  e q u a t i o n s  used to d e t e r m i n e  B ( q )  and Am(q) a r e  
listed in Appendix II. m 

(s.l) 

U s 
- d 

m 

2 ~  j B s b s 

The i n t e r f e r e n c e  v e l o c i t y  i s  g i v e n  by 

f o ~ .  q r )  s i n / q X )  q~ Bm(q) Ira( V cos m9 dq 
, ~Bb 

29~ 4 

I qr) - f o  Am(q) I m ~ -  cos me cos ~b dq 
O j S ~ 4  

(s.2) 

The longitudinal velocity gradient becomes 

b u s 

~x 
d 

2rTsS 4 b 4 Bin(q) b /Bb 

- } 
+ Am(q) Im V cos m8 sin qx qS dq 

O 
0j8 ~4 

qS dq 

(s.3) 

At x -- r ffi 0, the  e q u a t i o n s  fo r  the  i n t e r f e r e n c e  v e l o c i t y  
and the  v e l o c i t y  g r a d i e n t  r educe  to  

d ~* A (q) qadq (5.4) 
Us - 2~SSSb s o o 
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and 

bUs d 
b x  2~  s B 4 h 4 o 

~" Bo(q) ~Sdq (5.5)  

5.1.1ClosedTunnel 
i 

For a c l o s e d  w a l l  t u n n e l  wi th  F ~ m o r  8/R ~ m, Eq. 
( 5 . 4 )  y i e l d s  

Us Y ~" Aoc(q ) qSdq (5.6)  
(es)c U 2~e@b e o 

This v a r a m e t e r  
form (Ref .  3 )  a s  

V ~ i  b ~ ~  Ira. b; +nSha ) 
(¢s)c" ~ ~  (;)e/g bh 

can a l s o  be e x p r e s s e d  in  an e q u i v a l e n t  

%) ( 5 . 7 )  

m --am 

w h e r e ~  ~ d e n o t e s  t h a t  ( m , n ) t a k e s  on a l l  p o s s i b l e  i n t e g r a l  
- - m  

p a i r s  e x c e p t  ( 0 , 0 ) .  Values  of  the  e x p r e s s i o n  in  the  b r a c k e t s  
a r e  p l o t t e d  in  F ig .  5 .1  f o r  a r ange  of  t u n n e l  h e i g h t - t o - w i d t h  
r a t i o s .  

S ince  B = 0 f o r  a c l o s e d  t u n n e l ,  Eq. ( 5 . 5 )  i n d i c a t e s  
t h a t  a t  the  mo~el p o s i t i o n  

b e s )  
- -  = 0 

bx 
C 

(5.8)  

5.1.2 Open Jet 

For an open 3e t  w i t h  both  F = 0 and B/R = O, Eq. (5 .4 )  
r e d u c e s  to  

ffi V ~m A (q) qmdq 
(®s)° ~s@IP o °o 

( 5 . 9 )  
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An e q u i v a l e n t  e x p r e s s i o n  a s  o b t a i n e d  f r o m  R e f .  3 i s  

V 1 / b_ 8/a (_l)m+n bh 
(¢s)o - 8Sb a ~ h --_~_ m 8b 8+n ah a 

}_~L denotes that ( re ,n )  t a k e s  on  a l l  possible i n t e g r a l  w h e r e  

p a i r s  e x c e p t  ( 0 , 0 ) .  V a l u e s  o f  t h e  e x p r e s s i o n  i n  t h e  b r a c k e t s  
a r e  shown i n  F i g .  5 . 1 .  

W i t h  B ° = 0 i n  an  o p e n  j e t ,  Eq.  ( 5 . 5 )  g i v e s  

(5. lO) 

I BCs I 
= 0 

! ~ x  I ° 
( 5 . 1 1 )  

5.1.3 Slotted Wall Tunnel 

F o r  an  i d e a l  s l o t t e d  w a l l  t u n n e l ,  Eq.  ( 5 . 4 )  r e d u c e s  t o  

V ~ A (q )  q a d q  
(¢s)s-  2  Seb 3 o ° s  

( 5 . 1 2 )  

w h e r e  A i s  d e t e r m i n e d  a s  s h o w n  i n  A p p e n d i x  I I .  
°s 
The v a r i a t i o n  o f  ~ w i t h  t h e  s l o t  p a r a m e t e r  P w h e r e  

t h e  s l o t  p a r a m e t e r  o f  t h e S h o r i z o n t a l  w a l l s ,  P. , i s  e q u a l  t o  
t h a t  o f  t h e  v e r t i c a l  w a l l s ,  P , i s  shown i n  F~g .  5 . 2  f o r  
t u n n e l s  o f  v a r i o u s  h e i g h t - t o - # i d t h  r a t i o s .  

The  b l o c k a g e  r a t i o ,  ~ s ,  h a s  a l s o  b e e n  e v a l u a t e d  f o r  
v a r i o u s  c o n s t a n t  v a l u e s  o f  t h e  s l o t  p a r a m e t e r  on t h e  v e r t i c a l  
w a l l s  o v e r  t h e  c o m p l e t e  r a n g e  o f  t h e  s l o t  p a r a m e t e r  on t h e  
h o r i z o n t a l  w a l l s .  T h e s e  r e s u l t s  a r e  shown i n  F i g s .  5 . 3  f o r  
r e c t a n g u l a r  t u n n e l s  w i t h  h e i g h t - t o - w i d t h  r a t i o s  o f  1 . 0 ,  0 . 8 ,  
a n d  0 . 5 .  

The combinations of the vertical and horizontal wall 
slot parameters which give zero solid-blockage interference 
in a slotted tunnel are shown in Fig. 5.4 for tunnels of various 
height-to-width ratios. This figure shows that a change in 
the slot parameter of the vertical walls has a decreasing 
effect on the blockage interference as the tunnel height-to- 
width ratio is decreased. 
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D a v i s  and  Moore ( R e f .  11) h a v e  o b t a i n e d  t h e  b l o c k a g e  
f a c t o r  f o r  t h e  s p e c i a l  c a s e  o f  a r e c t a n g u l a r  t u n n e l  w i t h  
s o l i d  v e r t i c a l  w a l l s  a n d  s l o t t e d  h o r i z o n t a l  w a l . l s .  The 
e q u a t i o n  o b t a i n e d  a s  s i m p l i f i e d  by Acum i n  R e f .  12 i s  g i v e n  by 

V ~ 1 ~ 1 b n qe -q ,-- _ _  + _ _  ~® (Fq - 1) dq 

(es)s--- BSb s LI6Tr L..__ n s 4rrh a o cosh q + Fq sinh q 
n=1 

+ 
b ~ ~® 

n = l  

(q:a._ qo)~,e-q(Fq_ I) dq~ 

c o s h  q + Fq s i n h  q J 
(5.]3) 

R e s u l t s  f o r  t h i s  s p e c i a l  c a s e  o f  a r e c t a n g u l a r  t u n n e l  a r e  
shown i n  F i g .  5 . 5 .  

As i n  t h e  c a s e  o f  a c i r c u l a r  t u n n e l ,  t h e  l o n g i t u d i n a l  
p r e s s u r e  g r a d i e n t  o f  t h e  mode l  due t o  s o l i d  b l o c k a g e  i s  z e r o  
f o r  s l o t t e d  w a l l s .  

5.1.4 Perforated Wall Tunnel 

The s o l i d - b l o c k a g e  i n t e r f e r e n c e  f a c t o r s  i n  a p e r f o r a t e d  
t u n n e l  a r e  o b t a i n e d  f r o m  E q s .  ( 5 . 4 )  a n d  ( 5 . 5 ) .  The b l o c k a g e  
f a c t o r  a t  t h e  mode l  p o s i t i o n  i s  g i v e n  by 

V ~® Ao (q) qS dq 
(es)p 2~aSSb s o p 

a n d  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  mode l  p o s i t i o n  by 

(bCS~ V m qS 
i = ~ B o (q) dq 

bx  lp 2~=8~b * o p 
(5.15) 

w h e r e  t h e  m a n n e r  i n  w h i c h  A and  B a r e  d e t e r m i n e d  i s  shown 
Op Op ( ~ e s  } 

i n  A p p e n d i x  I I .  V a l u e s  o f  ( ¢ s ) p  a n d  - -  a s  g i v e n  by  
bx  

P 
E q s .  ( 5 . 1 4 )  a n d  ( 5 . 1 5 )  f o r  a r e c t a n g u l a r  t u n n e l  w i t h  a l l  
w a l l s  p e r f o r a t e d  a r e  b e i n g  e v a l u a t e d  and  w i l l  be  p r e s e n t e d  
i n  a s e p a r a t e  r e p o r t .  
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F o r  t h e  s p e c i a l  c a s e  o f  a r e c t a n g u l a r  t u n n e l  w i t h  
s o l i d  v e r t i c a l  w a l l s  a n d  p e r f o r a t e d  h o r i z o n t a l  w a l l s ,  t h e  
b l o c k a g e  i n t e r f e r e n c e  c a n  be d e r i v e d  by t h e  i m a g e  m e t h o d  i n  
c o n j u n c t i o n  w i t h  F o u r i e r  t r a n s f o r m s  and  i s  g i v e n  by  

¢o oo 

( ¢ s )  - m j J" An(q)  dq > 
P 4~BSb a 4 n a + hi  0 

1 0 

w h e r e  
-FI n = o  

J = t2  n ~ O  

(q l  c o s h  a + qS a a s i n h  a n ) e - a n  
• A (q)  = n n 

n F "} 
a n ~ [  (B/R) =n sinh ,,n] I + [q cosh =n] 

in = [qii + (n.n.h/b)= ]~  

V a l u e s  o f  t h e  s o l i d - b l o c k a g e  f a c t o r ,  ( f l s ) p ,  f o r  t h i s  s p e c i a l  
c a s e  o f  a r e c t a n g u l a r  t u n n e l  a r e  shown i n - F i g .  5 . 6 .  

The  l o n g i t u d i n a l  v e l o c i t y  g r a d i e n t  due  t o  s o l i d  
b l o c k a g e  a t  t h e  m o d e l  p o s i t i o n  i s  g i v e n  by 

(5.16) 

co 

b' 7 .  = 
Bx ]p  4 ~ 8 " b  4 h s J J  Bn (q)  dq 

0 

(5.17) 

w h e r e  Bn(q) = q= e-an ~ 1 
-- L c o s h  a n 

s i n h  = [qa - (B /R)S  = = t a n h  = ] 1  + n n n 

s s i n h  s a + q i  c o s h  s a n (8 /R)=  =n n 

The v a l u e  o f  t h e  i n t e r f e r e n c e  d r a g  i m p o s e d  on t h e  
m o d e l  by  t h e  l o n g i t u d i n a l  v e l o c i t y  g r a d i e n t  i s  g i v e n  by 

[ 
s g  S ~ x  /p  BhS ~ ( x / 2 8 h ) J p  

(5. is) 

The v a l u e s  o f  t h e  t e r m  i n  t h e  b r a c k e t s  a r e  shown i n  F i g .  5 . 7  f o r  
t u n n e l s  o f  v a r i o u s  h e i g h t - t o - w i d t h  r a t i o s  f o r  t h e  s p e c i a l  c a s e  o f  
a r e c t a n g u l a r  t u n n e l  w i t h  s o l i d  v e r t i c a l  w a l l s  a n d  p e r f o r a t e d  
h o r i z o n t a l  w a l l s .  The  c o r r e s p o n d i n g  v a l u e s  o f  ( ¢ s )  c i n  Eq.  ( 5 . 1 8 )  
c a n  be  o b t a i n e d  f r o m  F i g .  5 . 1 .  
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5.2 WAKE BLOCKAGE 

The w a k e - b l o c k a g e  e f f e c t s  o f  a s m a l l  t h r e e - d i m e n s i o n a l  
m o d e l  i n  a r e c t a n g u l a r  t u n n e l  a r e  p r e s e n t e d  h e r e  f o r  t h e  f i r s t  
t i m e  a s  o b t a i n e d  by u s i n g  F o u r i e r  i n t e g r a l s  a n d  t h e  p o i n t -  
m a t c h i n g  t e c h n i q u e .  The wake  i s  r e p r e s e n t e d  by a t h r e e -  
d i m e n s i o n a l  p o i n t  s o u r c e .  The p o t e n t i a l  o f  t h e  s o u r c e  i n  
u n r e s t r i c t e d  f l o w  i s  g i v e n  i n  Eq.  ( 4 . 1 7 ) .  

The i n t e r f e r e n c e  p o t e n t i a l  o b t a i n e d  i s  g i v e n  by 
t h e  e x p r e s s i o n :  

O0 

co i = m f 

2~2~ b i ° o ~4 
t~_ ) 

Am(q) Im ( qricOsb; mo cos q(~' dql 

oo \ l q--~-rl cos mo sin dq~ - f . (q) I m ., 
o o,~,~ j 

(5.19) 

U 
W 

The a x i a l  i n t e r f e r e n c e  v e l o c i t y  i s  o b t a i n e d  a s  

2~ ~ ~" b 2 0 

Oo 

J J 

{T) ' 
V--" , q x !  L A (q) I m cos m8 sin ;--~ q dq 

m l~bj 

O ~ ~t4 

B m (q)  I m 

w h e r e  t h e  e q u a t i o n s  u s e d  t o  d e t e r m i n e  Am( q ) a n d  B (q)  a r e  
o u t l i n e d  i n  A p p e n d i x  I I .  m 

The v e l o c i t y  g r a d i e n t  i n  t h e  a x i a l  d i r e c t i o n  i s  g i v e n  b y :  

OO 

~x ~ p  8b3 L b e,~,4 

oo  

- ;  
0 O~ gj4 
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At t h e  p o s i t i o n  o f  t h e  s o u r c e ,  x - r - O, t h e  v e l o c i t y  
a n d  v e l o c i t y  g r a d i e n t  become ,  r e s p e c t i v e l y  

GO 

u w . . . .  m f B o ( q )  q dq ( 5 . 2 ~ )  
2 ~ b ~  o 

and  

GO 

~Uw - m  f Ao(q) qS dq .(5.2~) m 

x ~ ~8 b s o 

The i n t e g r a l  i n  Eq. ( 5 . 2 8 )  i s  t h e  same a s  t h a t  i n  
Eq. ( 5 . 4 )  f o r  t h e  s o l i d - b l o c k a g e  i n t e r f e r e n c e  v e l o c i t y .  
Thus  i f  t h e  v e l o c i t y  i n t e r f e r e n c e  a t  t h e  m o d e l  due  t o  
s o l i d  b l o c k a g e  i s  z e r o ,  t h e  v e l o c l t y  g r a d i e n t  a t  t h e  
m o d e l  due  t o  wake b l o c k a g e  i s  a l s o  z e r o .  

5.2.T Closed Tunne! 

I n  a c l o s e d  t u n n e l  Eq. ( 5 . 2 ~ )  g i v e s  z e r o  i n t e r f e r e n c e  
v e l o c i t y  a t  t h e  p o s i t i o n  o f  t h e  s o u r c e .  H o w e v e r ,  a t  a p o s i t i o n  
f a r  u p s t r e a m  Eq. ( 5 . ~ 0 )  g i v e s  an  i n t e r f e r e n c e  v e l o c i t y  o f  
- m / 8 ~ Z b h .  Thus  t h e  i n t e r f e r e n c e  v e l o c i t y  a t  t h e  m o d e l  r e l a t i v e  
t o  t h e  f r e e  s t r e a m  i s  g i v e n  a s  

CD s I 
(ew)  c -- 4 ~  C - -~  C~0~ ~ . ~ 0 ~  

The v e l o c i t y  g r a d l e n t  a t  t h e  m o d e l  due  t o  t h e  
wake i s  f rom Eq. ( 5 . 2 0 )  g i v e n  by 

( 5 . 2 a )  

r f A°c 
C 0 

(q)  q~ dq (5.2~) 
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S i n c e  the integral in Eq. (5.25) is identical to that 
in Eq. (5.6), the velocity gradient can be written as 

( ~¢wl CDS 
_ _  = - - -  (e s)  
~x I 2V 

C 

C 
(5.25) 

where  ( c )  i s  g i v e n  by Eq. ( 5 . 7 )  and  i s  shown p l o t t e d  
in Fig. S 5 ~ l .  

5.2.2 Open Jet 

In  an open  j e t ,  t h e  i n t e r f e r e n c e  v e l o c i t y  i s  z e r o  a t  
b o t h  t h e  s o u r c e  and  f a r  u p s t r e a m  g i v i n g  

(Cw) o ffi 0 

The v e l o c i t y  g r a d i e n t  a t  t h e  mode l  i s  

(5.2q) 

~¢w) CDS 
. . . .  (q) q8 dq 
~x 4~'S'b 8 J'o A°o 

0 

(5.25) 

S i n c e  t h e  i n t e g r a l  i n  Eq. ( 5 . 2 8 )  i s  i d e n t i c a l  to  t h a t  i n  
Eq. ( 5 . 9 ) ,  t h e  v e l o c i t y  g r a d i e n t  c an  be w r i t t e n  a s  

( ~cw ) CDS 

~x o ~V (Cs)° 
(5.2e)  

where  (Cs) o i s  g i v e n  by Eq. ( 5 . 1 0 )  and i s  shown i n  F i g .  5 . 1 .  

5.2.3 Slotted Wall Tunnel 

I n  an  i d e a l  s l o t t e d  t u n n e l ,  a s  i n  an  open j e t ,  t h e  
i n t e r f e r e n c e  v e l o c i t y  f rom Eqs .  ( 5 . 2 0 )  and  ( 5 . 2 2 )  i s  found  
t o  be  z e r o  b o t h  f a r  u p s t r e a m  and a t  t h e  mode l  p o s i t i o n .  

The v e l o c i t y  g r a d i e n t  due t o  wake b l o c k a g e  i s  g i v e n  
by 

I~¢w) _ CDS ® 
~x 4 ~  8 a b 8 f A°s (q) q8 dq 

S O 

(5.zo) 
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The i n t e g r a l  i n  Eq.  ( 5 . 2 0 )  i s  i d e n t i c a l  t o  t h a t  i n  Eq.  ( 5 . 1 2 ) .  
An e x p r e s s i o n  f o r  t h e  v e l o c i t y  g r a d i e n t  due  t o  wake b l o c k a g e  
c a n  t h e r e f o r e  be  o b t a i n e d  by c o m b i n i n g  E q s .  ( 5 . 1 2 )  and  ( 5 . 3 ~ )  
w h i c h  g i v e s  

(~¢w) CDS (~¢w 1 
- ( e s )  ( n  s )  = _ ~ ( n  s )  

2 v  c s / 
S C 

(5.31) 

From Eq.  ( 5 . 3 1 ) ,  i t  f o l l o w s  t h a t  when t h e  s o l i d - b l o c k a g e  
f a c t o r  i s  z e r o ,  t h e n  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  due  
t o  t h e  wake w i l l  a l s o  be  z e r o .  When z e r o  s o l i d  b l o c k a g e  i s  
n o t  o b t a i n e d ,  t h e  b u o y a n c y  c o r r e c t i o n  t o  t h e  m e a s u r e d  d r a g  
i s  g i v e n  by  

(aCD)wg" = - CD ( ¢ s ) c  (flS)s. ,  ~ p ~  ~ ~ " ' ~  ( 5 . 3 3 )  

w h e r e  ( e s )  c i s  g i v e n  by  Eq.  ( 5 . 7 ) .  The v a l u e  o f  ( f l s ) s  c a n  
be  o b t a i n e d  f r o m  F l g .  5 . 2  f o r  a t u n n e l  w i t h  i d e n t i c a l  s l o t s  
on  t h e  v e r t i c a l  a nd  h o r i z o n t a l  w a l l s ,  Pv = Ph ,  a n d  f r o m  
F i g .  5 . 5  f o r  a t u n n e l  w i t h  s o l i d  v e r t i c a l  w a l l s  (Pv ffi 0) 
a n d  s l o t t e d  h o r i z o n t a l  w a l l s .  

5.2.4 Perforated Wall Tunnel 

F or  a p e r f o r a t e d  w a l l  t u n n e l ,  t h e  w a k e - b l o c k a g e  
r a t i o  a t  t h e  m o d e l  p o s i t i o n  i s  o b t a i n e d  f rom Eq. ( 5 . 2 ~ )  
a s  

CO 

(~w) = 4 h f B ° (q) q dq ( 5 . 3 ~ )  
p ~ b o P 

From Eq.  (5 .21 ] ) ,  t h e  v e l o c i t y  g r a d i e n t  a t  t h e  m o d e l  
p o s i t i o n  i s  g i v e n  by 

(~¢w I _ CDS = 

~'-x I 41raSab s f 
p o 

Aop (q) qadq (5 .3t )  
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S i n c e  t h e  i n t e g r a l  i n  Eq.  ( 5 . 3 4 )  is t h e  same a s  i n  
Eq.  ( 5 . 1 4 ) ,  t h e  v e l o c i t y  g r a d i e n t  d u e  t o  wake b l o c k a g e  c a n  
be  r e l a t e d  t o  t h e  s o l i d ,  b l o c k a g e  by c o m b i n i n g  E q s .  ( 5 . 1 4 )  
a n d  ( 5 . 3 ~ )  and  o b t a i n i n g  

~¢w ~ CDS /~¢w - (es) (nS)p = _ ) (as) 
p c 

(5.35) 

a s  i n  t h e  s l o t t e d  w a l l  c a s e .  F o r  z e r o  s o l i d  b l o c k a g e ,  t h e  
g r a d i e n t  i s  e q u a l  t o  z e r o .  F o r  o t h e r  v a l u e s  o f  ( a S ) p ,  t h e  
b u o y a n c y  c o r r e c t i o n  t o  t h e  m e a s u r e d  d r a g  i s  g i v e n  by 

(AC D) = _ C D. ( ¢ s )  (9 s )  
wg c p 

(5.3s) 

I 

w h e r e  ( e s )  c i s  g l v e n  by  Eq. ( 5 . 7 ) .  The v a l u e  o f  ( f l s ) p  c a n  
b e  o b t a i n e d  f r o m  F i g .  5 . 6  f o r  a t u n n e l  w i t h  s o l i d  v e r t i c a l  
w a l l s  (Qv = 0) a n d  p e r f o r a t e d  h o r i z o n t a l  w a l l s .  

5.3 LIFT INTERFERENCE 

The u p w a s h  c o r r e c t i o n s  f o r  a t h r e e - d i m e n s i o n a l  w i n g  
a r e  c a l c u l a t e d  u s i n g  a h o r s e s h o e  v o r t e x  t o  r e p r e s e n t  t h e  
w i n g  a s  i n  t h e  c a s e  o f  a c i r c u l a r  t u n n e l ,  s e e  Eq.  ( 4 . 3 5 ) .  
The i n t e r f e r e n c e  p o t e n t i a l  o b t a i n e d  by  u s i n g  F o u r i e r  t r a n s -  
f o r m s  a n d  t h e  p o i n t - m a t c h i n g  t e c h n i q u e  i s  g i v e n  b y  

I ' s  r m = D m s i n  n~A 

,6 

+ ~ -- o Gm(q) Im b -  s t h m 9  c o s  

3.~8, 6 

+ .13 ~®o Em(q) Im b-- simms sin 
1., Sp 6 

w h e r e  t h e  s e r i e s  c o e f f i c i e n t s  D , G ( q ) ,  a n d  F ~ ( q )  
t e r m i n e d  b y  t h e  p r o c e d u r e  o u t l t ~ e d  !~n A p p e n d i x  I I I  

dq 

dqt (5.37) 

a r e  d e -  
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The upwash v e l o c i t y  a t  r ffi 0 i s  g i v e n  a s  

w ffi ~.-~- D + .~---~ o G(q) cos ~ q dq 

+ .  (qx) t + ~ - b  [ 0  El (q)  s i n  ~ q dq 

The s t r e a m l i n e  c u r v a t u r e  a t  ~:ffi 0 i s  g i v e n  by 

I 8" ("x).' ~x 4rr 'b  s o G (q) sin ~ dq 

q x )  qS t + I: El(q) COS ~ dq 

At x = 0 Eqs .  ( 5 . 3 ~ )  and (5.3@) r e d u c e  t o  

W ffi --2~b D + ~ - b  o G ( q )  q dq 

( 5 . 3 s )  

( 5 . 3 ~ )  

(5 .i'o) 

and 

~_.~w . l"s ~" E (q) qe 
~x 4~8b 8 o 

dq (5 .  41) 

rn  a r e ~ t & h g u l a r  t u n n e l  a s  i n  a. c i r c u l a ~  t g n n e l ,  t h e  
l t . ~ t - l n t e r f e r e n c e  f a c t o r  i s  e x p r e s s e d  a s  

5 = C w (5.42) 

SC L U 

The f a c t o r  a s s o c i a t e d  w i t h  s t r e a m l i n e  c u r v a t u r e  i s  g i v e n  by 

28hC [1 ~w (5.43) 

i 
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5.3.1 Closed Tunnel 

F o r  a c l o s e d  t u n n e l  E q .  ( ~ . 4 0 )  u s i n g ' . g q , ~  ( 5 . 4 2 )  y i e l d s  

8 = h 
o 2~ c 

An equivalent expression is given in Ref. 3 as 

b h ~-~ ~ m s b a - n a h a 
80 = 8~ / '  ( - 1 ) n  (m a b  a + n zh  z ) a  ( 5 . 4 S )  

where E~ denotes that (m,n) takes on all possible integral 

pairs except (0,0). 

I n  R e f .  1 0 ,  T h e o d o r s e n  o b t a i n s  a n  e x p r e s s i o n  f o r  t h e  
l i f t - i n t e r f e r e n c e  f a c t o r  a s  a s i n g l e  s e r i e s  g i v e n  b y  

00 

= 'v l '  b + ~_ b Z cosh 7rm b/h 
50 48 h 4 h sinh a ~m b/h 

1 

( 5 . 4 6 )  

a s  

T h e  s t r e a m l i n e  c u r v a t u r e  i s  o b t a i n e d  f r o m  E q .  ( 5 . 4 ~ )  

5 1  - h a I F4 c ( q )  qSdq 
2~ 8 b a 

O 

( 5 . 4 7 . )  

o r  a s  g i v e n  i n  R e f .  3 a s  

6% -- 

00 

b h  8 
8~ ~ (-l)n m s b a _ 2 n  a h 8 

(m ab 8 + n ~h ~)s/8 
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5.3.2 Open Jet 

F o r  a n  o p e n  j e t ,  t h e  l i f t - i n t e r f e r e n c e  f a c t o r  i s  

h 5 - I~ 
o 2~ o 

F r o m  R e f .  3 t h e  e q u i v a l e n t  e x p r e s s i o n  i s  g i v e n  a s  

( 5 . 4 9 )  

5 _ b h  ~ )~" (_:l.)m 
o 8~ L_~ L_~ 

--00 

m a b ~ _ n a h ~ 

(m a b  a + n 8 h 8 ) 
(5.50)  

o r  a s  g i v e n  i n  R e f .  10 

_ ~ b + ~ b ~ ( - 1 )  m 

5°  24  h 4 h s i n h  a ~m b / h  
1 

( 5 . 5 l )  

T h e  s t r e a m l i n e  c u r v a t u r e  f r o m  E q .  ( 5 . 4 1 )  i s  o b t a i n e d  
a s  

8 1  - 

00 

ha 
2 ~  a b a 0 

F4o (q) qa dq (5.52) 

or as given i n  Ref. 3 as 

5].  - -  

O0 

8~" 
m ~  

m 8 b a _ 2 n  8 h  8 

( . l ab  ~ + n~ha)6/b  
(5.53)  

5.3.3 Slotted Wall Tunnel 

The solution of Eq. (5.40) for the upwash at x = 0 
in a tunnel with slotted walls is obtained by setting 8/R 
equal to zero. The coefficient C~(q) is then equal to zero 
and the upwash at the model position becomes 

F s  
w - D 

2~b  z 
(5 .54)  

o 
g 
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The l i f t - i n t e r f e r e n c e  f a c t o r  i s  g i v e n  a s  

J 

5 = h D (5.55) 
o 2W I 

The variation of 5 with the slot parameter P for uniformly 
distributed slots 8n the four tunnel walls (P = P~) is shown 
in Fig. 5.8. This factor is also shown plotted versus Ph in 
Fig. 5.9 for various constant values of P . The combinations 
of Ph and P which produce zero lift interference at the model 
position in'rectangular slotted tunnels of various height-to- 
width ratios are shown in Fig. 5.10. A common intersection of 

Ph = these curves occurs at = 0.39 and Pv 0.64. 

The s t r e a m l i n e - c u r v a t u r e  f a c t o r  a t  t h e  m o d e l  p o s i t i o n  
c a n  be  o b t a i n e d  f r o m  Eq.  ( 5 . ~ 1 )  a s  

8 = h=) i'm E ( q )  qS dq ( 5 . 5 6 )  
2'n "= b s o )' s 

As f o r  t h e  s o l i d - b l o c k a g e  f a c t o r  ( s e e  S e c t i o n  5 . 1 . 3 ) ,  
D a v i s  a n d  Moore  ( R e f .  11)  h a v e  o b t a i n e d  t h e  l i f t - i n t e r f e r e n c e  
f a c t o r  a t  t h e  m o d e l  p o s i t i o n ,  5 , f o r  t h e  s p e c i a l  c a s e  o f  a 
r e c t a n g u l a r  t u n n e l  w i t h  s o l i d  v ~ r t i c a l  w a l l s  a n d  s l o t t e d  h o r i -  
z o n t a l  w a l l s .  The d i s t r i b u t i o n  o f  t h e  l i f t  i n t e r f e r e n c e  a l o n g  
t h e  l o n g i t u d i n a l  d i r e c t i o n  x f o r  t h i s  s p e c i a l  c a s e  c a n  b e  
d e r i v e d  by  t h e  i m a g e  m e t h o d  i n  c o n j u n c t i o n  w i t h  F o u r i e r  t r a n s -  
f o r m s  a n d  i s  g i v e n  by 

C 

where j = ~ 

5 = 50 + ~~. x/Bh 
,t,,.b , n' [ ( x lBh ) '  + (2nb/h.) '  1 

a=, 

h' y. S" f " l  j Cn(q )  s i n  ~ n ( q )  dq 
rr b =) o 

O 

n = 0 
n ¢ 0  

(5.57) 

C n (q) 
(1 - F ~n ) 

q 
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a n d  5 i s  t h e  f a c t o r  a t  x = 0 a s  d e r i v e d  by  D a v i s  a n d  Moore  
which°is given by 

O 

~ h  1 

24b 4 ( l + F )  

- b  
n ( b - n ~ h F )  

z (b + n~hF)  e = n r r h / b  - ( b - n ~ h F )  

(5.58) 

The s t r e a m l i n e - c u r v a t u r e  f a c t o r  a s  d e t e r m i n e d  f r o m  
Eq.  ( 5 . 5 ~  i s  g i v e n  by 

m 

5 _ h a ~ 1 2 h a 

4~b" / .  n 8 ~ b = ~ j J'= Cn(q) q an(q) dq 
0 

( 5 . 5 9 )  

The d i s t r i b u t i o n s  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r  a l o n g  
t h e  a x i s  o f  r e c t a n g u l a r  t u n n e l s  w i t h  s o l i d  v e r t i c a l  w a l l s  a n d  
s l o t t e d  h o r i z o n t a l  w a l l s  a r e  shown i n  F i g s .  5 . 1 1 a  t h r o u g h  c f o r  
t u n n e l  h e i g h t - t o - w i d t h  r a t i o s  o f  1 . 0 ,  0 . 8 ,  a n d  0 . 5  r e s p e c t i v e l y .  
The v a l u e s  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r ,  5 , a n d  t h e  s t r e a m -  
l i n e  c u r v a t u r e ,  5~ ,  a t  x = 0 f o r  t h e s e  same  t ~ n n e l  c o n f i g u r a t i o n s  
a r e  shown p l o t t e d  v e r s u s  Ph i n  F i g s .  5 . 1 2  a n d  5 . 1 3 ,  r e s p e c t i v e l y .  

5.3.4 Perforated Wall Tunnel 

F o r  a t u n n e l  w i t h  p e r f o r a t e d  w a l l s ,  t h e  u p w a s h  v e l o c i t y  
i s  o b t a i n e d  by s e t t i n g  F = 0 i n  Eq .  ( 5 . 4 0 ) .  The r e s u l t  i s  
g i v e n  by  

s D + B f  m G (q) q d q ]  
2rrb - Zc 2rrb " o ~p  J 

(5.60) 

The c o r r e s p o n d i n g  i n t e r f e r e n c e  f a c t o r  is g i v e n  by  

= ~ D + ~ G ( q )  q dq 
50 2~ . ~ c  2~b ~p  

( 5 . 6 1 )  

The f l o w  c u r v a t u r e  a t  t h e  o r i g i n  i s  o b t a i n e d  f rom 
Eq.  ( 5 . 4 1 )  a n d  i s  g i v e n  by  

h g 5 - j'® E (q )  q~ dq 
2rr~b ~ o Zp 

(5 .62)  
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. f  

V a l u e s  o f  8 o and  8z a s  g i v e n  by Eqe .  ( 5 . 6 1 )  a n d  ( 5 . 6 2 )  for 
a l l  w a l l s  p e r f o r a t e d  a r e  b e i n g  e v a l u a t e d  a n d  w i l l  be  p r e s e n t e d  
i n  a s e p a r a t e  r e p o r t .  

F o r  t h e  s p e c i a l  c a s e  o f  a r e c t a n g u l a r  t u n n e l  w i t h  s o l i d  
v e r t i c a l  w a l l s  a n d  p e r f o r a t e d  h o r i z o n t a l  w a l l s ,  t h e  d i s t r i -  
b u t i o n  o f  t h e  l i f t  i n t e r f e r e n c e  a l o n g  t h e  l o n g i t u d i n a l  d i r e c t i o n  
x c a n  be d e r i v e d  by t h e  i m a g e  m e t h o d  i n  c o n j u n c t i o n  w i t h  F o u r i e r  
t r a n s f o r m s  a n d  i s  g i v e n  by 

h ~ x/Bh 
8(X) = (80)closed + ~ b  n" [ ( x /Sh ) '  + (2nb/h) | ] ~ 

(i (i] ~ b  I J So n(q) cos qX + En(q ) s in  qx an(q) dq 
S h  Bh 

0 

1 n =  0 
w h e r e  j ffi n ~ 0 

(5.63) 

(8o)closed i s  t h e  l i f t  i n t e r f e r e n c e  f o r  c l o s e d  t u n n e l s ,  

s e e  Eq.  ( 5 . 4 6 ) .  

Vn ( q )  ffi 
an/qR 

q { ( s i n h  an )S  + [ ( a n / q R )  c o s h  a n 1 Q} 

~. (q )  = 
n 

a ( q )  = 
n 

- a n  [ s i n h  a n e - ( a n / q R )  c o s h  a n  l 

The s t r e a m l i n e - c u r v a t u r e  f a c t o r  a s  d e t e r m i n e d  f r o m  
~ ! .  ( 5 . 6 a )  i s  g i v e n  by 

m w 

- j E n ( q )  q a n ( q )  dq 
4~ba 1 n8 ~bS o 

( 5 . 6 4 )  

The d i s t r i b u t i o n s  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r  a l o n g  t h e  
a x i s  o f  r e c t a n g u l a r  t u n n e l s  w i t h  s o l i d  v e r t i c a l  w a l l s  a n d  
p e r f o r a t e d  h o r i z o n t a l  w a l l s  a r e  shown i n  F i g .  5 . 1 4 a  t h r o u g h  c 
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f o r  t u n n e l  h e i g h t - t o - w i d t h  r a t i o s  o f  1 . 0 ,  0 . 8 ,  and  0 . 5 ,  r e s p e c ~  
t i v e l y .  The v a l u e s  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r ,  5 , a n d  
t h e  s t r e a m l i n e  c u r v a t u r e ,  5 z ,  a t  x ffi 0 f o r  t h e s e  same ~ u n n e l  
c o n f i g u r a t i o n s  a r e  p l o t t e d  v e r s u s  Qh i n  F i g s .  5 . 1 5  a n d  5 . 1 6 ,  
r e s p e c t i v e l y .  

SECTION Vl 
APPLICATION OF THEINTERFERENCE FACTORS 

In  t h e  p r e v i o u s  s e c t i o n s  i n t e r f e r e n c e  f a c t o r s  t o  
a c c o u n t  f o r  t h e  p r e s e n c e  o f  t h e  t u n n e l  w a l l s  h a v e  b e e n  
e n u m e r a t e d  f o r  v a r i o u s  t y p e s  o f  v e n t i l a t e d  w a l l  t u n n e l s .  I t  
now r e m a i n s  t o  i l l u s t r a t e  how t h e s e  f a c t o r s  a r e  a p p l i e d  t o  
c o r r e c t  t h e  t u n n e l  o p e r a t i n g  p a r a m e t e r s  a s  w e l l  a s  t h e  m o d e l  
f o r c e s  a n d  m o m e n t s .  I~ i s  c o n v e n i e n t  t o  t r e a t  t h e  b l o c k a g e -  
i n t e r f e r e n c e  f a c t o r s  w h i c h  a f f e c t  t h e  l o n g i t u d i n a l  v e l o c l t y  
an d  t h e  l i f t - i n t e r f e r e n c e  f a c t o r s  w h i c h  a f f e c t  t h e  u p w a s h  
v e l o c i t y  s e p a r a t e l y .  

6.1 BLOCKAGE CORRECTIONS 

The b l o c k a g e  f a c t o r  eB ffi e s  + ew d e t e r m i n e s  t h e  

i n c r e m e n t  w h i c h  m u s t  be  a d d e d  t o  t h e  t u n n e l  v e l o c i t y  t o  o b t a i n  
a t r u e  o r  c o r r e c t e d  v e l o c i t y  a t  t h e  m o d e l .  I n  e q u a t i o n  f o r m ,  
t h e  c o r r e c t e d  v e l o c i t y  i s  

(6 .1 )  
UC ~ U + U s + U w 

o r  i n  t e r m s  o f  t h e  b l o c k a g e  f a c t o r s  

U C - U(1 + e s + e w) ( 6 . 2 )  

I t  i s  e v i d e n t  t h a t  a c o r r e c t i o n  t o  t h e  v e l o c i t y  i n  a 
c o m p r e s s i b l e  f l o w  i m p l i e s  c o r r e c t i o n s  t o  t h e  o t h e r  s t r e a m  
p r o p e r t i e s ,  s u c h  a s  d e n s i t y  a n d  p r e s s u r e .  T h e s e  c o r r e c t i o n s  
a r e  r e a d i l y  o b t a i n e d  on  t h e  b a s i s  o f  t h e  u s u a l  a s s u m p t i o n  t h a t  
t h e  f l o w  i s  a d i a b a t i c .  I t  i s  a s s u m e d  t h a t  t h e  c o r r e c t i o n  t e r m s  
a r e  s m a l l  c o m p a r e d  w i t h  u n i t y ,  s o  t h a t  t h e  ~ q u a r e s  and  p r o d u c t s  
o f  t h e s e  t e r m s  may be  n e g l e c t e d .  The a n a l y s i s  p r o c e d u r e  i s  
p r e s e n t e d  i n  R e f .  15 w h e r e  t h e  f o l l o w i n g  e q u a t i o n s  a r e  o b t a i n e d .  

MC ffi M [1 + (1 +Y- ~ M") eB]  

c - + 

(6.3) 

cB] (6.4) 
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PC = o (1 - l ~ e  B) 
(6 .5 )  

(qoo)C -- qoo [1  + ( 2 - 1 ~ )  e B ]  ( 6 . 6 )  

The c o r r e c t e d  d y n a m i c  p r e s s u r e  c a n  be u s e d  d i r e c t l y  
t o  o b t a i n  t h e  n o n d i m e n s i o n a l  c o e f f i c i e n t s  f r o m  t h e  m e a s u r e d  
m o d e l  f o r c e s  and  m o m e n t s .  As an  a l t e r n a t e  p r o c e d u r e  i t  i s  
s o m e t i m e s  c o n v e n i e n t  t o  c a l c u l a t e  t h e s e  c o e f f i c i e n t s  u s i n g  
t h e  u n c o r r e c t e d  v a l u e  o f  t h e  d y n a m i c  p r e s s u r e  and  t h e n  a p p l y  
a c o r r e c t i o n  t o  t h e  c o e f f i c i e n t .  I n  t h i s  c a s e  i f  C F r e p r e s e n t s  
a t y p i c a l  n o n d i m e n s i o n a l  c o e f f i c i e n t ,  t h e  c o r r e c t e d  c o e f f i c i e n t  
i s  g i v e n  by 

(CF) C = C F 1 - CB] ( 6 . 7 )  

6.2 BUOYAHCY CORRECTIOH 

The g r a d i e n t s  i n  t h e  l o n g i t u d i n a l  s t r e a m  v e l o c i t y  due  
t o  t h e  s o l i d  a n d  wake b l o c k a g e  a l s o  p r o d u c e  an  a d d i t i o n a l  
c o r r e c t i o n  t o  t h e  m o d e l  d r a g  c o e f f i c i e n t  a s  d i s c u s s e d  p r e v i o u s l y .  
T h i s  a d d i t i o n a l  c o r r e c t i o n  r e f e r r e d  t o  a s  a b u o y a n c y  c o r r e c t i o n  
i s  g i v e n  by 

AC D = (ACD)sg + (ACD)wg 
( 6 . 8 )  

w h i c h  m u s t  be  s u b t r a c t e d  f rom t h e  d r a g  c o e f f i c i e n t  m e a s u r e d  
i n  t h e  t u n n e l .  

6.3 UPWASH CORRECTIOHS 

The u p w a s h  a t  t h e  m o d e l  i s  e q u i v a l e n t  t o  an  u p w a r d  
i n c l i n a t i o n  o f  t h e  s t r e a m  a p p r o a c h i n g  t h e  m o d e l .  Thus t h e  
t r u e  a n g l e  o f  i n c i d e n c e  o f  a m o d e l  w i l l  be  g r e a t e r  t h a n  t h e  
a c t u a l  s e t t i n g  r e l a t i v e  t o  t h e  t u n n e l  a x i s .  As a f u r t h e r  
c o n s e q u e n c e ,  t h e  l i f t  f o r c e  i s  i n c l i n e d  f o r w a r d  by  t h e  same 
a n g l e  c a u s i n g  a r e d u c t i o n  o f  t h e  d r a g  f o r c e  a s  c o m p a r e d  t o  
f r e e  a i r  c o n d i t i o n s .  I t  f o l l o w s  t h a t  t h e  c o r r e c t i o n s  w h i c h  
m u s t  be  a p p l i e d  t o  t h e  w i n d  t u n n e l  m e a s u r e m e n t s  on  a w i n g ' t o  
a l l o w  f o r  t h e  l i f t  i n t e r f e r e n c e  a t  t h e  m o d e l  p o s i t i o n  a r e  
g i v e n  by 

~a = ~ ffi k 5 ( 6 . 9 )  
O O  

U 
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a n d  

AC D = CLX06o (6.10) 

where X ° = CCL/2h in a two-dimensional tunnel and SCL/C in 

a three-dimensional tunnel. 

6.4 STREAMLINE CURVATURE CORRECTIONS 

The l o n g i t u d i n a l  v a r i a t i o n  i n  t h e  upwash  a l o n g  t h e  
a x i s  o f  a w i n g  i n t r o d u c e s  a s t r e a m l i n e  c u r v a t u r e .  As d i s c u s s e d  
i n  C h a p t e r  6 o f  R e f .  16 ,  t h e  v a r i a t i o n  i n  upwash  r e s u l t s  i n  a 
c o r r e c t i o n  t o  t h e  a n g l e  o f  a t t a c k  a s  w e l l  a s  t h e  l i f t  a n d  p i t c h -  
i n g - m o m e n t  c o e f f i c i e n t s .  The c o r r e c t i o n  t o  t h e  a n g l e  o f  a t t a c k  
c a n  be w r i t t e n  a s  

! 

Aa = ( ~  b~'xW) xX = X x 5 1  1 x ( 6 . 1 1 ,  

w h e r e  kt  = CCL/4Bh8 f o r  a t w o - d i m e n s i o n a l  t u n n e l ,  S C L / 2 B r o C  

f o r  a c i r c u l a r  t u n n e ~  and  SCL/2BhC f o r  a r e c t a n g u l a r  t u n n e l ,  a n d  

x t a k e s  on t h e  v a l u e  o f  c / 4 .  
x 

The c o r r e c t i o n s  t o  t h e  l i f t  c o e f f i c i e n t  a n d  t h e  p i t c h i n g  
moment a b o u t  t h e  q u a r t e r  c h o r d  a r e  g i v e n  i n  t u r n  by  

AC L Aa bCL X x 5 bC L 
- - ~ x ~ ( 6 . 1 2 )  

8 ba 8 ba 

and 
AC L k x 5 bC L 

- -  - -  1 1 1 
AC m ( 6 . 1 3 )  

4 4B b a  

6.5 CORRECTION FOR TAIL SURF~.CE 

"'When testing a complete aircraft model with a tail 
surface, it is usually sufficient to apply a correction to the 
pitching-moment coefficient only. This correction is a result 
of the difference in downwash angle between the wing and the 
t a i l ,  A a t ,  and  r e s u l t s  i n  t h e  f o l l o w i n g  c o r r e c t i o n  

~Cm t 

ACmt Aa t ba  t ( 6 . 1 4 )  
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The v a l u e  o f  &a t c a n  be  o b t a i n e d  f rom Kq. ( 6 . 1 1 )  w h e r e  xl = £ t  

i s  t h e  d i s t a n c e  b e t w e e n  t h e  c e n t r o i d s  o f  t h e  w i n e  and  t a i l  s u r f a c e s .  

E q u a t i o n  ( 6 . 1 4 )  c a n  be  e x p r e s s e d  i n  t e r m s  o f  t h e  t a i l  
l i f t - c u r v e  s l o p e  ( s e e  R e f .  16) a s  

ACmt = q t  S t  ~ t  ~ da t 

q= S . c  ba  t 

(6.15) 

The a p p r o p r i a t e  e q u a t i o n s  and  f i g u r e s  t o  be  u s e d  t o  
e v a l u a t e  t h e  i n t e r f e r e n c e  f a c t o r s  i n  t h e  a b o v e  e q u a t i o n s  a r e  
l i s t e d  i n  t h e  t a b l e s  o f  A p p e n d i x  IV. 

SECTION VII 
CONCLUDINO REMARKS 

The m a t e r i a l  p r e s e n t e d  i n  t h i s  r e p o r t  i s  i n t e n d e d  t o  
i n t r o d u c e  t h e  r e a d e r  t o  t h e  s t e a d i l y  g r o w i n g  body  o f  i n f o r -  
m a t i o n  on  w a l l  i n t e r f e r e n c e  i n  v e n t i l a t e d  w a l l  w i n d  t u n n e l s .  
I n  c o n c l u d i n g  t h e  d i s c u s s i o n ,  a number  o f  o b s e r v a t i o n s  c o n -  
c e r n i n g  t h e  r e s u l t s  p r e s e n t e d  w i l l  be  n o t e d .  I n  a d d i t i o n ,  
some o f  t h e  a r e a s  i n  w h i c h  f u r t h e r  s t u d y  i s  p r o c e e d i n g  w i l l  
be  p o i n t e d  o u t .  

The f o l l o w i n g  t a b u l a t i o n s  l i s t  t h e  v a l u e s  o f  t h e  s l o t  
and  p o r o s i t y  p a r a m e t e r s ,  P and  Q, r e q u i r e d  t o  o b t a i n  z e r o  
i n t e r f e r e n c e  f o r  t h e  v a r i o u s  i n t e r f e r e n c e  f a c t o r s  i n  s l o t t e d  
a n d  p e r f o r a t e d  t u n n e l s  o f  t h e  t y p e s  c o n s i d e r e d  i n  t h e  b o d y  
o f  t h e  r e p o r t .  

Fo r  a t w o - d i m e n s i o n a l  t u n n e l ,  t h e  v a l u e s  o f  P a n d  Q 
a r e  a s  f o l l o w s :  

Type o f  
I n t e r f e r e n c e  S l o t t e d  P e r f o r a t e d  

~s  0 . 4 5  0 . 4 4  

5 0 0 
O 

5 O. 39 0 . 5 6  
1 

The s o l i d - b l o c k a g e  i n t e r f e r e n c e  i s  e l i m i n a t e d  a t  a l m o s t  t h e  
same v a l u e s  o f  P and  Q i n  t w o - d i m e n s i o n a l  s l o t t e d  and  p e r -  
f o r a t e d  t u n n e l s  r e s p e c t i v e l y .  The upwash  c o r r e c t i o n  i n  a 
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t w o - d i m e n s i o n a l  t u n n e l  i s  e l i m i n a t e d  c o m p l e t e l y  o n l y  w i t h  c o m -  
p l e t e l y  c l o s e d  w a l l s .  The  o p e n - a r e a  r a t i o  i n  a t w o - d i m e n s i o n a l  
t u n n e l  t o  o b t a i n  a z e r o  s t r e a m l i n e - c u r v a t u r e  c o r r e c t i o n  i s  
l e s s  i n  a s l o t t e d  t u n n e l  a n d  g r e a t e r  i n  a p e r f o r a t e d  t u n n e l  t h a n  
t h a t  r e q u i r e d  f o r  z e r o  b l o c k a g e .  

As p o i n t e d  o u t  i n  t h e  t e x t  t h e  i n t e r f e r e n c e  a t  t h e  
m o d e l  p o s i t i o n  c a u s e d  by t h e  wake  v e l o c i t y  g r a d i e n t  (~$ . / ~ x )  
i s  e l i m i n a t e d  a t  t h e  s a m e  v a l u e  o f  e i t h e r  P f o r  t h e  s l o t t e d  
t u n n e l  o r  Q f o r  t h e  p e r f o r a t e d  t u n n e l  a s  t h a t  r e q u i r e d  t o  
e l i m i n a t e  t h e  s o l i d - b l o c k a g e  i n t e r f e r e n c e .  The  i d e a l  s l o t t e d  
t u n n e l  h a s  t h e  a d d e d  a d v a n t a g e  t h a t  a n y  v a l u e  o f  P • 0 w i l l  
e l i m i n a t e  b o t h  t h e  v e l o c i t y  g r a d i e n t  d u e  t o  s o l i d  b l o c k a g e  
(~¢ / ~ x )  a n d  t h e  wake  b l o c k a g e  ( ¢ . ) .  T h i s  a d v a n t a g e  w i l l  b e  

m o d i f i e d ,  h o w e v e r ,  i f  v i s c o u s  e f f S c t s  o f  t h e  f l o w  i n  t h e  s l o t s  
a r e  t a k e n  i n t o  a c c o u n t .  I n  t h e  p e r f o r a t e d  w a l l  t u n n e l s ,  t h e  
v e l o c i t y  g r a d i e n t  d u e  t o  s o l i d  b l o c k a g e  i s  n e a r  i t s  max imum 
v a l u e  w h e n  t h e  s o l i d . b l o c k a g e  i s  z e r o  a n d  t h e  w a k e  b l o c k a g e  
g e t s  s m a l l e r  a s  t h e  p o r o s i t y  i s  i n c r e a s e d  a n d  i s  z e r o  a t  Q = 1 
( 1 . e . ,  f o r  a n  o p e n  t u n n e l )  o n l y .  

F o r  a c i r c u l a r  t u n n e l ,  t h e  v a l u e s  o f  P a n d  Q r e q u i r e d  t o  
o b t a i n  z e r o  i n t e r f e r e n c e  a r e  a s  f o l l o w s :  

T y p e  o f  
I n t e r f e r e n c e  S l o t t e d  P e r f o r a  t e d  

~ s  0 . 6 4  0 . 4 5  

6 0 . 5 0  O. 46 
O 

6 0 . 6 2  0 . 6 8  

I n  a c i r c u l a r  s l o t t e d  t u n n e l ,  t h e  s t r e a m l i n e - c u r v a t u r e  
c o r r e c t i o n  i s  z e r o  a t  a b o u t  t h e  s a m e  o p e n  a r e a  a s  t h a t  f o r  
z e r o  s o l i d  b l o c k a g e ;  h o w e v e r ,  t o  e l i m i n a t e  t h e  u p w a s h  
c o r r e c t i o n  a l o w e r  o p e n  a r e a  i s  r e q u i r e d .  F o r  t h e  c i r c u l a r  
p e r f o r a t e d  t u n n e l ,  t h e  u p w a s h  c o r r e c t i o n  i s  e l i m i n a t e d  a t  
a b o u t  t h e  s a m e  p o r o s i t y  a s  t h a t  f o r  z e r o  b l o c k a g e ,  b u t  f o r  
z e r o  s t r e a m l i n e  c u r v a t u r e  a h i g h e r  p o r o s i t y  i s  r e q u i r e d .  

F o r  t h e  t y p e s  o f  r e c t a n g u l a r  t u n n e l s  f o r  w h i c h  n u m e r i c a l  
c a l c u l a t i o n s  a r e  p r e s e n t l y  a v a i l a b l e ,  t h e  f o l l o w i n g  v a l u e s  
o f  P a n d  Q a r e  r e q u i r e d  t o  o b t a i n  z e r o  i n t e r f e r e n c e  f o r  t h e  
t y p e  o f  i n t e r f e r e n c e  i n d i c a t e d :  
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~Y 

T y p e  o f  
I n t e r f e r e n c e  

Slotted Vertical and Horizontal Walls, Ph = Pv 

h / b  = 1 . 0  h / b  = 0 . 8  h/b = 0.5 

~ s  0 . 6 1  0 . 5 8  0 . 5 6  

50 0 . 4 5  0 . 4 2  0 . 3 9  

S o l i d  V e r t i c a l  a n d  S l o t t e d  H o r i z o n t a l  W a l l s  

Ds 0 . 8 5  0 . 7 2  0 . 5 8  

5 0 . 5 2  0 . 4 4  0 . 3 9  
o 

5 0 . 6 4  0 . 5 8  0 . 5 4  
1 

S o l i d  V e r t i c a l  a n d  P e r f o r a t e d  H o r i z o n t a l  W a l l s  

f ls  0 . 6 6  0 . 5 7  0 . 5 1  

5 0 . 5 2  0 . 4 5  0 . 4 0  
o 

5 0 . 7 2  0 . 6 8  0 . 6 5  
1 

I n  a l l  t h r e e  t y p e s  o f  r e c t a n g u l a r  t u n n e l s  c o n s i d e r e d ,  t h e  v a l u e s  
o f  P o r  Q a t  w h i c h  z e r o  i n t e r f e r e n c e  o c c u r s  d e c r e a s e s  a s  t h e  
t u n n e l  h e i g h t - t o - w i d t h  r a t i o  d e c r e a s e s .  As  i n d i c a t e d  b y  t h e  
r e s u l t s  f o r  t h e  t w o  s l o t t e d  t u n n e l s ,  t h e  e f f e c t s  o f  t h e  s i d e -  
w a l l s  d i m i n i s h  a l m o s t  c o m p l e t e l y  f o r  t h e  t u n n e l  w i t h  a h e i g h t -  
t o - w i d t h  r a t i o  o f  0 . 5 .  

An  e x a m i n a t i o n  o f  F i g s .  5 . 4  a n d  5 . 1 0  i n d i c a t e s  t h a t  a 
w i d e  r a n g e  o f  c o m b i n a t i o n s  o f  Pv  a n d  P h ,  i n c l u d i n g  t h a t  f o r  
w h i c h  Ph  = P v ,  e x i s t s  w h i c h  w i l l  e l i m i n a t e  e i t h e r  t h e  s o l i d -  
b l o c k a g e  o r  l i f t  i n t e r f e r e n c e  f o r  a s l o t t e d  r e c t a n g u l a r  t u n n e l  
w i t h  a p a r t i c u l a r  h e i g h t - t o - w i d t h  r a t i o .  I n  a d d i t i o n ,  f o r  e a c h  
t y p e  o f  i n t e r f e r e n c e  a c o m m o n  i n t e r s e c t i o n  o f  t h e  i n t e r f e r e n c e -  
f r e e  c u r v e s  o c c u r s  f o r  a l l  o f  t h e  s l o t t e d  r e c t a n g u l a r  t u n n e l s  w i t h  
a h e i g h t - t o - w i d t h  r a t i o  b e t w e e n  0 . 5  a n d  1 . 0 .  F o r  z e r o  s o l i d  
b l o c k a g e  t h e  i n t e r s e c t i o n  o c c u r s  a t  Ph  = 0 . 5 6  a n d  P v  = 0 . 6 3 ,  
a n d  f o r  z e r o  u p w a s h  i n t e r f e r e n c e  a t  Ph  0 . 3 9  a n d  P v  = 0 . 6 4 .  

S i n c e  p r i o r  s t u d i e s  o f  r e c t a n g u l a r  t u n n e l s  w e r e  l i m i t e d  
t o  t h o s e  w i t h  o n l y  t h e  h o r i z o n t a l  w a l l s  s l o t t e d ,  a c o n f i g -  
u r a t i o n  o f  s l o t s  p r o v i d i n g  t h e  s i m u l t a n e o u s  e l i m i n a t i o n  o f  
b o t h  s o l i d - b l o c k a g e  a n d  l i f t  i n t e r f e r e n c e  w a s  n o t  p o s s i b l e .  
H o w e v e r ,  b y  i n c l u d i n g  t h e  e f f e c t s  d u e  t o  t h e  p r e s e n c e  o f  
s l o t t e d  v e r t i c a l  b o u n d a r i e s ,  a s u p e r p o s i t i o n  o f  F i g s .  5 . 4  
a n d  5 . 1 0 i n d i c a t e s  t h a t  a s i n g l e  s l o t t e d  w a l l  c o n f i g u r a t i o n  
w i l l  e l i m i n a t e  b o t h  b l o c k a g e  a n d  l i f t  i n t e r f e r e n c e  w i t h  
t u n n e l s  o f  h e i g h t - t o - w i d t h  r a t i o s  a b o v e  a p p r o x i m a t e l y  0 . 8 .  
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The c h o l c e  o f  s l o t  p a r a m e t e r s  l e a d i n g  t o  t h i s  o b j e c t i v e  i s  
Ph = 0 . 3 0  a n d  P = 0 . 7 9  f o r  a s q u a r e  t u n n e l  a n d  ~Pho= 0 . 3 0  a n d  
Pv = 0 95 f o r  a V t u n n e l  w i t h  a h e i g h t - t o - w i d t h  r a l  o f  0 . 8 .  

The  s o l i d  b l o c k a g e  a n d  u p w a s h  i n t e r f e r e n c e  a r e  e l i m i n a t e d  
a t  a b o u t  t h e  same  v a l u e  o f  Q i n  a t h r e e - d l m e n s l o n a l  p e r f o r a t e d  
t u n n e l .  I t  a p p e a r s  t h e r e f o r e  t h a t  i n  t h i s  c a s e  t h e  s o l i d  
b l o c k a g e  a n d  u p w a s h  v e l o c i t y  g r a d i e n t s  c o u l d  be  r e d u c e d  o r  
p o s s i b l y  e l i m i n a t e d  by  a v a r i a t i o n  i n  t h e  p o r o s i t y  d i s t r i b u t i o n  
i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  a l o n g  t h e  p o s i t l o n  o f  t h e  m o d e l  
w h i l e  s t i l l  m a i n t a i n i n g  z e r o  s o l i d  b l o c k a g e  a n d  z e r o  u p w a s h  a t  
t h e  m o d e l  p o s i t i o n .  

S i n c e  t h e  i n t e r f e r e n c e  c a l c u l a t i o n s  I n  r e c t a n g u l a r  
t u n n e l s  w i t h  a l l  w a l l s  v e n t i l a t e d  h a v e  h e r e t o f o r e  n o t  b e e n  
a v a i l a b l e ,  a common p r a c t i c e  h a s  b e e n  t o  a p p l y  t h e  r e s u l t s  
f r o m  a c i r c u l a r  t u n n e l  t o  a r e c t a n g u l a r  t u n n e l .  The  v a l i d i t y  
o f  t h i s  p r o c e d u r e  c a n  be  a s s e s s e d  by c o m p a r i n g  t h e  c o r r e s p o n d i n g  
f i g u r e s  f o r  t h e  c i r c u l a r  a n d  r e c t a n g u l a r  t u n n e l s .  F o r  e x a m p l e ,  
F i g s .  4 . 1  a n d  5 . 2  i n d i c a t e  t h a t  t h e  i n d i c a t e d  p r a c t i c e  i s  
f a i r l y  a c c u r a t e  f o r  a s q u a r e  t u n n e l ;  h o w e v e r ,  t h e  d i s c r e p a n c i e s  
b e c o m e  p r o g r e s s i v e l y  l a r g e r  a s  t h e  h e i g h t - t o - w i d t h  r a t i o  o f  
t h e  r e c t a n g u l a r  t u n n e l s  d e c r e a s e s  b e l o w  1 . 0 .  

As p o i n t e d  o u t  p r e v i o u s l y ,  t h e  r e s u l t s  i n  t h i s  
r e p o r t  a r e  a p p l i c a b l e  t o  a s m a l l  m o d e l  on  t h e  c e n t e r l i n e  o f  t h e  
t u n n e l .  I t  i s  a p p a r e n t  f r o m  t h e  r e s u l t s  o b t a i n e d  i n  r e c t a n g u l a r  
t u n n e l s  o f  v a r i o u s  h e i g h t - t o - w i d t h  r a t i o s  t h a t  a s  t h e  m o d e l  i s  
p o s i t i o n e d  c l o s e r  o r  f u r t h e r  f r o m  a t u n n e l  b o u n d a r y ,  t h e  
i n t e r f e r e n c e  e f f e c t s  w i l l  be  c h a n g e d .  A n u m b e r  o f  p a p e r s  
d e a t i n g  w i t h  a n  o f f - c e n t e r l i n e  p o s i t i o n  o f  t h e  m o d e l  i n  t w o -  
d i m e n s i o n a l  a n d  c i r c u l a r  v e n t i l a t e d  t u n n e l s  a r e  a v a i l a b l e .  The 
r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  f o r  a r e c t a n g u l a r  t u n n e l  c a n  
a l s o  be  e x t e n d e d  w i t h o u t  d i f f i c u l t y  t o  m o d e l s  o f f  t h e  t u n n e l  
c e n t e r l i n e .  W i t h  r e s p e c t  t o  w i n g  s p a n ,  t h e  r e s u l t s  p r e s e n t e d  
r e f e r  t o  a w i n g  w i t h  a s p a n  a p p r o a c h i n g  z e r o  t u n n e l  b r e a d t h  f o r  
t h e  c i r c u l a r  a n d  r e c t a n g u l a r  t u n n e l s .  The e f f e c t  o f  f i n i t e  
w i n g  s p a n  on t h e  i n t e r f e r e n c e  f a c t o r s  h a s  b e e n  d e t e r m i n e d  f o r  
some c o n f i g u r a t i o n s  o f  c i r c u l a r  a n d  r e c t a n g u l a r  t u n n e l s  a s  
shown  f o r  e x a m p l e  i n  R e f .  14 .  A l t h o u g h  t h e  e f f e c t s  o f  w i n g  
s p a n  a r e  s h o w n  t o  be  s i g n i f i c a n t ,  i t  w o u l d  a p p e a r  t h a t  v a l i d a t i o n  
o f  t h e  b a s i c  t h e o r y  a c c o u n t i n g  f o r  t h e  f i r s t - o r d e r  e f f e c t s  
s h o u l d  be  s u b s t a n t i a t e d  m o r e  t h o r o u g h l y  b e f o r e  a t t e m p t i n g  t o  
a c c o u n t  f o r  t h e s e  s e c o n d - o r d e r  e f f e c t s .  

The r e s u l t s  s h o w n  f o r  s l o t t e d  w a l l  t u n n e l s  i n  t h e  p r e v i o u s  
s e c t i o n s  a r e  a p p l i c a b l e  t o  a n  i d e a l  s l o t t e d  w a l l ,  i . e . ,  a w a l l  
w h e r e  t h e  v i s c o u s  e f f e c t s  o f  t h e  f l o w  t h r o u g h  t h e  s l o t s  h a v e  
n o t  b e e n  c o n s i d e r e d .  As d i s c u s s e d  by t h e  a u t h o r s  o f  many o f  
t h e  r e f e r e n c e d  p a p e r s ,  t h e  e f f e c t s  o f  v i s c o s i t y  on  t h e  f l o w  
t h r o u g h  s l o t t e d  w a l l s  c a n  be  t a k e n  i n t o  a c c o u n t  by  r e t a i n i n g  
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t h e  "R" term i n  t h e  g e n e r a l  boundary c o n d i t i o n  ( s e e  Eq. ( 2 . 1 0 ) ) .  
The r e s u l t  i s  t h a t  f o r  v a r i o u s  v a l u e s  o f  ~ h e  s l o t  pQrameterj  P, a 
p a r t i c u l a r  v a l u e  o f  t h e  p o r o s i t y  p a r a m e t e r ,  Q, c a n  be  f o u n d  f o r  
w h i c h  t h e  v a r i o u s  i n t e r f e r e n c e  f a c t o r s  c a n  be  made  z e r o .  
The g e n e r a l  e q u a t i o n s  f o r  t h e  s o l i d - b l o c k a g e  a n d  l i f t - i n t e r f e r e n c e  
f a c t o r s  h a v e  b e e n  s o l v e d  f o r  t h e  s i m u l t a n e o u s  v a l u e s  o f  P a n d  Q 
w h i c h  p r o v i d e  z e r o  i n t e r f e r e n c e  a n d  t h e  r e s u l t s  a r e  shown  i n  
F i g s .  7 . 1  t h r o u g h  7 . 3 .  As i n d i c a t e d ,  t h e  i n c l u s ~ o n  o f  t h e  v i s -  
c o s i t y  t e r m  modifies t h e  r e s u l t s  f o r  a n  i d e a l  s l o t t e d  t u n n e l  
significantly. 

The r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  a r e  a p p l i c a b l e  
t o  s t e a d y  f l o w .  I n  R e f .  17 ,  h o w e v e r ,  i t  i s  shown t h a t  a 
r e l a t i o n s h i p  e x i s t s  b e t w e e n  t h e  s t e a d y  a n d  o s c i l l a t o r y  
u p w a s h  f i e l d s  b e c a u s e  o f  w a l l  i n t e r f e r e n c e  i n  i n c o m p r e s s i b l e  o r  
l o w - f r e q u e n c y  c o m p r e s s i b l e  f l o w .  An a d d i t i o n a l  p a r a m e t e r  8 o 
i s  i n t r o d u c e d  w h i c h  i s  r e l a t e d  t o  t h e  i n t e g r a l  o f  t h e  i n t e r -  
f e r e n c e  f a c t o r  5 u p s t r e a m  o f  t h e  m o d e l  t o  i n f i n i t y  ( s e e  F i g s .  
3 . 6  a n d  3 . 8 ) .  E q u a t i o n s  s h o w i n g  t h e  c o r r e c t i o n s  t o  t h e  d i r e c t  
p i t c h i n g  d e r i v a t i v e s  a n d  d e r i v a t i v e s  o f  l i f t  d u e  t o  p i t c h i n g  
a s  o b t a i n e d  f r o m  o s c i l l a t o r y  w i n d  t u n n e l  t e s t s  a r e  p r e s e n t e d  i n  
R e f .  17 i n  t e r m s  o f  t h e  l i f t - i n t e r f e r e n c e  f a c t o r s  5 a n d  5 

O 1 

g i v e n  i n  t h i s  r e p o r t  a n d  t h e  a d d i t i o n a l  p a r a m e t e r  5 ° F u r t h e r  
d i s c u s s i o n  o f  t h e s e  r e s u l t s  i s  b e y o n d  t h e  s c o p e  o f  ~ h i s  p a p e r  
a n d  w i l l  be  t r e a t e d  s e p a r a t e l y .  

c 
As a f i h a l  c o m m e n t ,  t h e  a u t h o r s  w o u l d  l i k e  t o  p o i n t  

o u t  t h e  w i d e s p r e a d  l a c k  i n  t h e  u s e  o f  c o r r e c t i o n s  f o r  d a t a  f r o m  
v e n t i l a t e d  w a l l  t u n n e l s .  T h i s  n e g l e c t  i s  m o s t  p r o b a b l y  d u e  
t o  t h e  l a c k  o f  f u n d a m e n t a l  e x p e r i m e n t a l  p r o g r a m s  t o  c h e c k  t h e  
v a l i d i t y  o f  t h e  t h e o r e t i c a l  a n a l y s e s .  T h e s e  s t u d i e s  a r e  
e s p e c i a l l y  l a c k i n g  i n  t h e  c a s e  o f  p e r f o r a t e d  w a l l  t u n n e l s .  
A t t e n t i o n  h a s  b e e n  d r a w n  r e c e n t l y  t o  t h i s  s h o r t c o m i n g  a s  a 
r e s u l t  o f  d i s c r e p a n c i e s  b e t w e e n  u n c o r r e c t e d  t u n n e l  a n d  f l i g h t  
d a t a  a n d  some i n v e s t i g a t i o n s  o f  t h e  p r o b l e m  h a v e  b e e n  c o n d u c t e d .  
H o w e v e r ,  much m o r e  b a s i c  e x p e r i m e n t a l  s t u d y  on t h e  o r d e r  o f  t h a t  
p r e s e n t e d  i n  R e f .  4 i s  r e q u i r e d .  
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B l o c k a g e  C o r r e c t i o n s  f o r  R e c t a n g u l a r  Wind T u n n e l s  w i t h  
S l o t t e d  W a l l s . "  ARC R & M 3 2 9 7 ,  1961 .  

H o l d e r ,  D . R .  "Upwash I n t e r f e r e n c e  i n  a R e c t a n g u l a r  
Wind T u n n e l  w i t h  C l o s e d  S i d e  W a l l s  and  P o r o u s  
S l o t t e d  F l o o r  a n d  R o o f . "  ARC R & M No. 3 3 2 2 ,  1963 .  

H o l d e r ,  D. R. "Upwash I n t e r f e r e n c e  on Wings  o f  F i n i t e  
Span  i n  a R e c t a n g u l a r  Wind T u n n e l  w i t h  
C l o s e d  S i d e  W a l l s  and  P o r o u s - S l o t t e d  F l o o r  a n d  R o o f . ! '  
ARC R & M No. 3 3 9 8 ,  1965 .  

A l l e n ,  H. J .  a n d  V i n c e n t i ,  W . G .  " W a l l  I n t e r f e r e n c e  i n  a 
T w o - D i m e n s i n n a l  Wind T u n n e l ,  w i t h  C o n s i d e r a t i o n  o f  t h e  
E f f e c t  o f  C o m p r e s s i b i l i t y . "  NACA R e p o r t  No. 7 8 2 ,  1 9 4 4 .  

P o p e ,  A. a n d  H a r p e r ,  J .  J .  L o w - S p e e d  Wind T u n n e l  T e s t i n g .  
J o h n  W i l e y  & S o n s ,  I n c . ,  New Y o r k ,  1 9 6 6 .  

G a r n e r ,  H. C . ,  Moore ,  A. W., and  W i g h t ,  K. C. "The  T h e o r y  
o f  I n t e r f e r e n c e  E f f e c t s  on  Dynamic  M e a s u r e m e n t s  i n  
S l o t t e d - W a l l  T u n n e l s  a t  S u b s o n i c  S p e e d s  a n d  C o m p a r i s o n s  
w i t h  E x p e r i m e n t . "  NPL A e r o  R e p o r t  1211 ,  ARC 28 3 ~ 9 . ~ - ~ ~  
S e p t e m b e r  1966 .  ~ 
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APPEHDIXI 
LIST OFINTEGRANDS 

The f o l l o w i n g  i s  a l i s t i n g  o f  p o r t i o n s  o f  t h e  
i n t e g r a n d s  o f  t h e  v a r i o u s  e q u a t i o n s  g i v e n  i n  t h e  t e x t .  

I A = [cosh  q + Fq s l n h  q I s  + [ ( B / R )  s l n h  q ] i  

IB = [ I -  (Fq)  i -  (B /R)  m ] + [ (1  - Fq) a + (BTR)i  ] e " s q  

I C =  (1 - F q ) ( c o s h  q + Fq s i n h  q)  - ( S / R )  8 sXnh q ]  e - q  

I D = [ s lnh q + cosh  q + Fq s i n h  q ] e  - q  
J 

I E : [ s i n h  q + Fq c o s  q + (1 - I~I) c o s h  q ] e -q  

I F =  

I G ffi 

s i n h  q + Fq c o s h  q ]8  + (B/R)  c o s h  q ] a 

L~(1 - F q ) ( s i n h  q + Fq c o s h  q)  - (B/ID a c o s h  q l  e - q  

I H ffi K~(q) I o (q )  + Ko(q ) I  (q) ffi 1 / q  

I K = Ko(q) I o ( q )  - q F ~ ( q )  Io (q )  + qF Ko(q) I x ( q )  

- Iq l l l  l i  + ( B / R ) " ]  K i (q)  11 (q)  

IM = I I o ( q )  + qF I l ( q )  l " ÷ I(B/R) I (q) G,i J 

i !  l ffi q l  [ ( 1  - F) I~. (q)  .+ qF I o ( q ) ] l  + ( B / I D  a I I (q)  - q Io (q )  Ill 

'1>: [, '. <,>1" + < ' '>"  ['. < q > - q  'o<q>]" 

,<,= q. [ < , -  ,> ,< <,> - <, 1. ,<><,>7 [ < 1 -  ,> i. <,> + < , ,  ,0<,> ] 

+ <']">' ['<. <<'> + ,  '<0<,>] [ i  < , > - ,  ,0<,>} 

' , , : q' ~ <<'> ',  <q> + <'"">" { ~  <q> + <, '<o<q>] [ i ,<q> - <, i :<q>} 
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APPENDIXII 
EQUATIONS FOR EVALOATING THE SERIES COEFFICIENTS A m AND B m 

The f o l l owing  s e t s  of  l i n e a r  a l g e b r a i c  s imul t aneous  
e q u a t i o n s  a re  used to de te rmine  the c o n s t a n t  c o e f f i c i e n t s  
g iven  in  Sec t i on  V. The number of  p o i n t s ,  chosen un i fo rmly  
d i s t r i b u t e d  a long  the  h o r i z o n t a l  and v e r t i c a l  w a l l s ,  must 
be more than the  number of terms in  the  s e r i e s .  

i .  Genera l  Boundary Cond i t ion  
M 

/ ~ (B m + i A m) { -  i cos mO Im ( q r )  
o , . ~  i b 

+ - i  q Fv + ~ v  c o s  0 c o s  me Ira+ 1 

m + cos (m-l)8 

q r / b  

"h 

Cb)lt 

and 

qr  
(B= + i A m ) - i c o s  me I m b 

- - -  ~o b - { , ~ ' v + ~  o o . ,  .~ b " "  "v 

V 

h . ) [  (qr) + - i  q ~ F  h + - -  s i n  e cos me Ira+ 1 ~ -  
R h 

h B qr  ] I - ( . q ~ +  i ~ ) s i n  e K~ ( = 1  

r = r  h 

e = e h 

( I I - l a )  

( I I - l b )  
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2. Closed Tunnel (Y 4= or B_ ~ =) 
R 

I ( q r l  m Amc cos 8 cos me Ira+ 1 V + ~ cos 
o, % 4 L qr /b  

(m-1)e 

,,r)] 
= cos e Kx[ b 

t I 
r = r v 
e e 

and v 

~ .  [ I qr ) 
Amc sin 8 cos mB Im+l ~- 

O~ 8~ 4 

('r) I = s i n 9  K 1 ~-- 

r =  r h 

B B h 

lU 

qr /b  
sin(m-l)e 

3. Opgn Je t  (F = 0 and B/R = 0) 
M I Amo cos me I m ~ -  = - K° ~ b 

O p S p  4 r = r  
v 

e - - e  
V 

4. S l o t t e d  Wall Tunnel (B/R = O) 

~ ' ; m s  f c ° s  mB Im I q r  I + qh Fv [ c°s  8 b - -  b cos m9 

o r  

(II-2a) 

( I I - 2b )  

= r v 

e v 

r h 

e h 

(II-3)  

(IIL4a) 
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and 

M 

£ms os ~ -  + q ~  F h s i n  e 
o 

c o s  me '"lCb) 

qr/b~ b / / j j  

~ - Ko ; - -  - q ~ 1' h , ~  e ~ 

• r = r h  

e = e h 

( I I - 4 b )  

5. P e r f o r a t e d  Wall Tunnel (F ffi O) 

~ (Bmp + i A m p ) { - i  

Op 8 s 4 

q r l  
I I cos me I m b i 

[ (qr) ° + ~ cos e COS m6 Ira+ 1 ~ + ~ cos (m-1)e 
R v 

and 

K o ~ - i--Rv cos  e i~ b 

= r v 

e v 

( 1 1 - 5 a )  

+ - , ~ o ~  oo~ °0 ~ ( ~  . ~ o  ~._~,~ i . ( ~ l l  ~, 
Rh ~ * ~b qrTb b t J ~  

qr B = - [ K o{ - - ) -  i - -  s i n  e I q r l ]  ( l l - S b )  
L l b  / R h I b  /J 

r f f i r  h 

6 = e h 
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APPENDIX III 
EQUATIONS FOR EVALUATING THE SERIES COEFFICIENTS Din, Era, AND Om 

The f o l l o w i n g  s e t s  o f  e q u a t i o n s  a r e  u s e d  t o  c a l c u l a t e  
t h e  s e r i e s  c o e f f i c i e n t s  r e q u i r e d  t o  e v a l u a t e  t h e  l i f t  i n t e r -  
f e r e n c e  i n  S e c t i o n  V. The c o e f f i c i e n t s  a r e  d e t e r m i n e d  i n  a 
s i m i l a r  m a n n e r  t o  t h a t  o u t l i n e d  i n  A p p e n d i x  I I .  

1 .  G e n e r a l  B o u n d a r y  C o n d i t i o n  

r m Is  i n  me 
~ t 

1 

Fv m_~h c o s  e s i n  ( m - 1 ) e  | + 

b J 

- s i n  e c o s  8 ( 1 - F  v 2 h_b cos'e) 
r = r  

V 

e = e v 

( I I I - l a )  

and  

D m r m s i n  me + F h ~-- s l n  e c o s  ( m - 1 ) e  

1~8; 5 

h / b  b = r h 

= e h 

( I I I - l b )  

2 { (.r) 
C h , ~  Cqr) + -iq b FV ÷ -- os e sin me 

Rv Im+ I b-- 

+ re-'m-----sin(m-l)eqr/b Im[qr )]}b-- 

[ ( I I ~ "I I~I] I "- ~"e5 ~ + qb ~v+i-- sl. eco. ex 
R v 

• = r v 

e -e 
v 

(III-2a) 
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and 

~.(G m + i I m) I- I sln nO 
I ~8~5 

'-(~i 
( " + - :L q b Fh + 8J.n 0 s i n  me T+, 

. 

+ cos (m-l)O I m b 
q r / b  

e - - e  h 

C losed  Tunnel  ( F - -  - or  [ - *  - )  
R 

r m m sin (m-l)O ffi 2 sin O cosmO 

1~S25 r = r  
v 

e : O v 

( I I I - 2 b )  

and 

~ .  m cos (m-l)B : - SID  e 2B r m c o s  

Dmc h / b  

( q r / b )  

q r / b  

(III-3a) 

( I  I I -Bb)  

1 , s , s  r = r h 

Em cos  8 s i n  mB Ira+ I + qrTb s i n  (m-l)B I m 
C 

1~3~ 8 

o o .  0 : (b)i:. r ":' ( I I I - 4 a )  

V 

O 

;D 
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and  
M 

~mc 
1 3 5 $ 

I ( , , }  m b sin e sin me lm+ I -- +--cos 
qr/b 

I r -lJ - sin=e K 
q r / b  = ; 

(m-1)B 

r f r  
V 

e • e  
V 

I m 

( i i I - 4 b )  

3.  Open J e t  (F = 0 and  8 /R  = O) 

~, _ _  r °  Do sin me = - sin e b 
r 

I ~ S  t 5 
r = r v r h o r  
e = e e b 

V 

( I I i -5 )  

and  
M 

~ , s  q r  , ,  ;o  s'nm° ffi- s i n  .e 

r ffi r v r h 
o r  

e = e v B h 

( I I I - 6 )  

4 .  S l o t t e d  Wa l l  T u n n e l  (B/R ffi 0 )  
M 

I s i n  me i ( q r  } + q h Fv [ c o s  e s i n  q r  

r = r v 

e = ~v 

(llI-7a) 
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and 

~.. Eros Isln mO Ira(~) + q h FhIS~n e sln me I,+i(~) 
19 Sj, § 

+- m__qr/b cos(m-l)e Ira[ ~II}-- {.in e' (~I 

h [ K ( q r / b )  
+ q -- F h L s i n  a 8 K 

b q r / b  z I llt[r:r  
e = e h 

( I I I - 7 b )  

5. P e r f o r a t e d  Wall Tunnel .(F = 0) 

" { 
~ (Gmp + i Emp) - i s i n  me 

1 s 5 p ~ 

[ (q') + B___R cos e s i n  me Im+ 1 ~ -  
V 

+ _ _  s in(m-1)O I m . = - s i n  ~ ~ ~_ 
q r / b  

+ i 8-. sin A cos A K (~I] 
Rv s 

and M 

r ffi r v 
e ffi e v 

+ I qr  (Gmp i Emp) -I sln me Im(~-- ) 
I.,, 3 j 5 

8 [sin e sln me Ira+ 1 (~-)+-~--cos(m-l)e +-- qr 
R h q r / b  

.(TIT-8a) 

qrl  "Ib 
( q r )  8 I.K1 (q r /b )  / ~ l  I 

_ - _  in e K b + i--Rv q-~ sin'eK a 

= r h 

8 h 

( 11 I - 8 b )  
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APPENDIX IV 
TABLES 

TABLEI 
INTERFERENCE FACTORSIN A TWO.DIMENSIONAL TUNNEL 

KIND OF INTERFERENCE CLOSED OPEN S L O T T E D  PERFORATED 

S o l i d  b l o c k a g e ,  e ( 3 . 8 )  ( 3 . 1 0 )  ( 3 . 1 3 )  * ( 3 . 1 6 )  
s 3 . 2  ** 3 . 4  

V e l o c i t y  g r a d i e n t  due 
t o  s o l i d  b l o c k a g e ,  
~es /~X 

Wake b l o c k a g e ,  ew 

V e l o c i t y  g r a d i e n t  due 
t o  wake b l o c k a g e ,  
5ew/~X 

Upwash f a c t o r  a t  
m o d e l ,  5 o 

S t r e a m l i n e  c u r v a t u r e  
f a c t o r ,  5~ 

z e r o  z e r o  z e r o  

( 3 . 3 0 )  z e r o  z e r o  

(3 .31)  (3 .33)  (3 .36)  

z e r o  ( 3 . 5 8 )  ( 3 . 6 2 )  
3 . 7  

( 3 . 5 6 )  ( 3 . 6 0 )  ( 3 . 6 4 )  
3.'/' 

(3.18) 
3.5  

(3 .39)  
3 .4  

( 3 . 4 2 )  

( 3 . 6 6 )  
3 . 9  

(3.68) 
3 . 9  

* E q u a t i o n  nmaber  
* * F z g u r e  number 
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, TABLE II 
INTERFERENCE FACTORS IN A CIRCULAR TUNNEL 

KIND OF INTERFERENCE 
i 

CLOSED OPEN SLOTTED 

S o l i d  b l o c k a g e ,  ¢s 

PERFORATED 

V e l o c i t y  
t o  s o l i d  
~ e s / ~ x  

g r a d i e n t  due 
b l o c k a g e ,  

( 4 . 8 )  (4 .10 )  ( 4 . 1 2 )  * ( 4 . 1 4 )  
4 .1  ** 4 . 2  

z e r o  z e r o  z e r o  

Wake b l o c k a g e ,  e w ( 4 . 2 4 )  z e r o  z e r o  

V e l o c i t y  g r a d i e n t  due ( 4 . 2 5 )  (4 .27 )  ( 4 . 2 9 )  
t o  wake b l o c k a g e ,  

i 

Upwash f a c t o r  a t  ( 4 . 4 4 )  (4 .46 )  (4 .49 )  
mode l  6 o 4 . 5  

S t r e a m l i n e  c u r v a t u r e  ( 4 . 4 5 )  ( 4 . 4 7 )  ( 4 . 5 0 )  
f a c t o r ,  6~. 4 . 5  

* E q u a t i o n  number 
* * F i g u r e  number 

TABLEII I  
INTERFERENCE FACTORSlN A RECTANGULAR TUNNEL 

( 4 . 1 5  
4 . 3  

( 4 . 3 1 )  
4 . 2  

( 4 . 3 3 )  

(4 .52)  
4 . 7  

( 4 . 5 3 )  
4 . 7  

KIND OF INTERFERENCE CLOSED OPEN SLOTTED PERFORATED 

S o l i d  b l o c k a g e ,  ¢ s * ( 5 . 7 )  ( 5 . 1 0 )  ( 5 . 1 2 )  
* . 5 . 1  5 .1  5 .2  

V e l o c i t y  g r a d i e n t  
due t o  s o l i d  b l o c k a g e  
~es /~X 

Wake b l o c k a g e ,  e w 

V e l o c i t y  g r a d i e n t  
due to  wake b l o c k a g e ,  
~ew/~x  

Upwash f a c t o r  a t  
m o d e l ,  5 o 

S t r e a m l i n e  c u r v a t u r e  
f a c t o r  5~ 

z e r o  z e r o  z e r o  

( 5 . 2 4 )  

(5 .26)  

(5.14) 

( 5 . 1 5 )  

z e r o  z e r o  ( 5 . 3 3 )  

( 5 . 2 9 )  ( 5 . 3 1 )  ( 5 . 3 5 )  

( 5 . 4 6 )  ( 5 . 5 1 )  ( 5 . 5 5 )  
5 .7  

(5 .48)  (5 .53)  (5.56)  

(5 .6 l )  

( 5 . 6 2 )  

* E q u a t i o n  number 
* * F i g u r e  number 
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APPENDIX V 

ILLUSTRATIONS 
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z z 

.ooE, / !z- 
y ( - - -  By 

O. TWO-DIMENSIONAL TUNNEL b. CIRCULAR TUNNEL 

K l 
~h 

r 
TF- 

4 
L 

b 

I 
J 
7 

--- --- ~_t 

I 

__I__ ____ J" 

Fig. 2.I 

C. RECTANGULAR TUNNEL 

C o o r d i n a t e  S y s t e m  a n d  G e o m e t r y  o f  
Wind T u n n e l  C r o s s  S e c t i o n s  
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0 . 6 0  

0 . 4 0  

0 . 2 0  

0 . 1 0  

0 . 0 6  

0.04 

o~ 0 . 0 2  
o 

0.01 

O. 006 

0. 004 
0 

Fig. 2.2 

\ 

\ 

\ 
\ 

1 2 3 4 5 

S l o t - P a r a m e t e r  F u n c t i o n  f o r  V a r i o u s  Open A r e a  R a t i o s  
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